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1.0 PROJECT GOALS

The majority of the high-Q bandpass filters commonly used in the RF and IF stages of het-
erodyning transceivers are realized using off-chip, mechanically-resonant components, such as
crystal filters and SAW devices. Due to higher quality factor Q, such technologies greatly out-
perform comparable filters implemented using transistor technologies, in insertion loss, percent
bandwidth, and achievable rejection [1,2]. High Q is further required to implement local oscilla-
tors or synchronizing clocks in transceivers, both of which must satisfy strict phase noise specifi-
cations. Again, off-chip elements (e.g., quartz crystals) are utilized for this purpose. Being off-
chip components, the above mechanical devices must interface with integrated electronics at the
board level, and this constitutes an important bottleneck to miniaturization and performance of
heterodyning transceivers. For this reason, recent attempts to achieve single-chip transceivers for
paging and cellular communications have utilized direct conversion architectures, rather than
heterodyning, that attempt to eliminate some of the off-chip high-O components, but that have
suffered in overall performance as a result [3]. In this respect, single-chip solutions to heterodyn-
ing transceivers are desirable.

The rapid growth of micromachining technologies, which yield high-Q on-chip vibrating me-
chanical resonators [4], may now make miniaturized, single-chip heterodyning transceivers pos-
sible. With O’s of over 80,000 [5] under vacuum and center frequency temperature coefficients
in the range of —10 ppm/°C (several times less with nulling techniques) [6], polycrystalline sili-
con micromechanical resonators (abbreviated “upresonators”) can serve well as miniaturized sub-
stitutes for crystals in a variety of high-Q oscillator and filtering applications. The primary objec-
tives of this project are (1) identification and study of the physical performance limitations in-
curred when extending the frequency range of miniaturized, micro-scale mechanical resonators
to the VHF, UHF, and S-Band ranges; (2) implementation of prototype high-Q micromechanical
filters and oscillators in these frequency ranges; and (3) subsequent incorporation of these com-
ponents into the RF and IF stages of compact, inexpensive wireless transceivers. The proposed
devices are not only orders of magnitude smaller than existing discrete resonator equivalents, but
are also expected to outperform their macroscopic counterparts in insertion loss and percent
bandwidth.

1.1.  Miniaturization of Transceivers

To illustrate more concretely the specific transceiver functions that benefit from microme-
chanical implementation, Fig. 1 presents the system-level schematic for a typical super-hetero-
dyne wireless transceiver. As implied in the figure, several of the constituent components can
already be miniaturized using integrated circuit transistor technologies. These include the low
noise amplifiers (LNA’s) in the receive path, the solid-state power amplifier (SSPA) in the trans-
mit path, synthesizer phase-locked loop (PLL) electronics, mixers, and lower frequency digital
circuits for baseband signal demodulation. Due to noise, power, and frequency considerations,
the SSPA (and sometimes the LNA’s) are often implemented using compound semiconductor
technologies (i.e., GaAs). Thus, they often occupy their own chips, separate from the other men-
tioned transistor-based components, which are normally realized using silicon-based bipolar and
CMOS technologies. However, given the rate of improvement of silicon technologies (silicon-
germanium included [7]), it is not implausible that all of the above functions could be integrated
onto a single-chip in the foreseeable future.
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Fig. 1: System-level schematic detailing the front-end design for a typical wireless transceiver . The off-chip, high-Q, passive
components targeted for replacement via micromechanical versions (suggestions in lighter ink) are indicated in the figure.

Unfortunately, placing all of the above functions onto a single chip does very little towards
decreasing the overall super-heterodyne transceiver size, which is dominated not by transistor-
based components, but by the numerous passive components indicated in Fig. 1. The presence of
so many frequency-selective passive components is easily justified when considering that com-
munication systems designed to service large numbers of users require numerous communication
channels, which in many implementations (e.g., Time Division Multiple Access (TDMA)) must
have small bandwidths and must be separable by transceiver devices used by the system. The
requirement for small channel bandwidths results in a requirement for extremely selective filter-
ing devices for channel selection and extremely stable (noise free) local oscillators for frequency
translation. For the vast majority of military communication standards, as well as for commercial
cellular and cordless standards, the required selectivity and stability can only be achieved using
high-Q components, such as discrete inductors, discrete tunable capacitors (i.e., varactors), and
SAW and quartz crystal resonators, all of which interface with IC components at the board level.
The needed performance cannot be achieved using conventional IC technologies, because such
technologies lack the required Q. It is for this reason that virtually all military transceivers and
commercially available cellular and cordless phones contain numerous passive SAW and crystal
components.

1.2.  The Need for High Q in Oscillators.

For any communications application, the stability of the oscillator signals used for frequency
translation, synchronization, or sampling, is of utmost importance. Oscillator frequencies must
be stable against variations in temperature, against aging, and against any phenomena, such as
noise or microphonics, that cause instantaneous fluctuations in phase and frequency. The single
most important parameter that dictates oscillator stability is the O of the frequency-setting tank
(or of the effective tank for the case of ring oscillators). For a given application, and assuming a



finite power budget, adequate long- and short-term stability of the oscillation frequency is in-
sured only when the tank O exceeds a certain threshold value.

The correlation between tank QO

and oscillator stability can be illus- 0%-A8 S;‘r?:sl'irggf’
trated heuristically by considering the Frequency-Seledtive < I\P""

simple oscillator circuit depicted in Tank Element L~ Vo
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: Fig. 2: (a) A simple series resonant oscillator schematic (b) Bode plot
ta,nk response  spectra ShOWn mn for a low O tank, indicating the Affor a given A®. (¢) Similar to (b),
Figs. 2(b) or (c), this oscillator is seen but for a high ( tank.

to operate nominally at the tank reso-
nance frequency. If, however, an external stimulus (e.g., a noise spike, or a temperature fluctua-
tion) generates a phase shift —A0 across the terminals of the sustaining amplifier, the tank must
respond with an equal and opposite phase shift AO for sustained oscillation. As dictated by the
tank transfer functions of Fig. 2, any tank phase shift must be accompanied by a corresponding
operating frequency shift Af. The magnitude of Af for a given A9 is largely dependent on the O of
the resonator tank. Comparison of Fig. 2(b) with (c) clearly shows that a given phase shift incurs
a much smaller frequency deviation on the tank with the higher Q. Thus, the higher the tank Q,
the more stable the oscillator against phase-shifting phenomena.

To help quantify the above heuristic concepts, one important figure of merit for oscillators is
the phase noise power present at frequencies close to the carrier frequency. Typical phase noise
requirements range from —121 dBc/Hz at 600 kHz deviation from a 1.8 GHz carrier in DCS1800
European Global System for Mobile Telecommunications (GSM) cellular phones [8], to —150
dBc/Hz at 67 kHz carrier deviations in X-Band, Doppler-based radar systems [9]. Through a
more rigorous analysis of Fig. 1 (assuming linear operation), the phase noise of a given oscillator
can be described by the expression [10], [11]:

(N“”j _ FkT lz[f”j[dBc/Hz], (1)
c ),  C 80/,

where (N,,/C)sn 1s the phase noise power density-to-carrier power ratio at a frequency f,, offset
from the carrier frequency, F is the noise figure of the active device evaluated using the total os-
cillator power P, C is the carrier power delivered to the load, and f, is the carrier frequency.
From (1), phase noise is seen to be inversely proportional to the square of O, and directly propor-
tional to the amplifier noise figure F. Given that F' can often be reduced by increasing the operat-




ing power P of the sustaining amplifier, (1) then can be interpreted as implying that power and Q
can be traded to achieve a given phase noise specification. Given the need for low power in port-
able units, and given that the synthesizer (containing the reference and VCO oscillators) is often
a dominant contributor to total transceiver power consumption, modern transceivers could bene-
fit greatly from technologies that yield high-Q tank components.

1.3.  The Need for High Q in Filters.

Tank Q also greatly influences the I T I I —
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IF and RF filters with small percent I inserion Tank Q = 5,000]

. 0 | Less it
bandvyldtli, small s}}?pe factor,. and low . Tank Q = 2.000
1nsert1qn oss. To illustrate, Fig. 3 pre- T ank Q = 1.000
sents simulated frequency characteris- f' 20 [ .
tics under varying resonator tank Q’s = .5 L i
for a 0.3% bandwidth bandpass filter '% a0 L i
centered at 70 MHz, realized using the £
typical LC resonator ladder configura- 5 r ]
tion shown in the insert. As shown, for = #° [ 7
a resonator tank Q of 10,000, very little 45 - T2 L, n.Cazs
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ters. As with oscillators, high-Q tanks width, 70 MHz bandpass filter under varying tank s

are required for RF and IF filters alike,

although more so for the latter, since channel selection is done predominantly at the IF in super-
heterodyne receivers. In general, the more selective the filter, the higher the resonator Q required
to achieve a given level of insertion loss. In particular, the above 0.3% bandwidth filter example
applies for IF filters, which, because of their high selectivity, are best implemented with resona-
tor O’s exceeding 5,000; RF pre-select or image-reject filters, on the other hand, typically require
only 3% bandwidths and can thus be implemented using resonators with Q’s on the order of 500-
1,000.

2.0 APPROACH/PROBLEMS TO BE ADDRESSED

As detailed in the original proposal, this project features several tasks aimed at realizing the
frequency-selective off-chip components required in wireless communication transceivers.
Among the specific components of interest are IF and RF filters, low phase noise reference oscil-
lators, high-Q voltage-controlled oscillators (VCQO’s), codes that automate the design of these
components, and special packaging procedures for vacuum encapsulation and electrical isolation.



2.1. Micromechanical Filters.

The high-Q filters of interest are comprised of micromachined mechanical resonators cou-
pled by soft mechanical springs, as depicted in Fig. 4(b) using a mass-spring-damper representa-
tion. This coupled three-resonator system has three modes of vibration that form the passband of
the resultant filter, as shown in the input force-to-output displacement transfer function of
Fig. 4(a). The separation between the modes (i.e., the bandwidth of the resultant filter) is deter-
mined primarily by the stiffnesses of the coupling springs. The absolute center frequency of the
filter is determined primarily by the resonance frequencies of the constituent resonators.

In actual design of these fil- Passband
ters, electromechanical analo- X
gies are used, where the electri- ‘ ‘ \Three Distinct
cal domain inductance and ca- a Modes
pacitance of a properly synthe- - >
sized LC ladder filter are im- 0 ©
plemented via analogous values
of compliance and mass in the
mechanical domain. Figure 1(c)
explicitly shows the electrical
to mechanical equivalence.
Here, vibrating resonators in
the mechanical domain equate
to LCR tanks in the electrical
domain, while coupling springs

(b)

w

are analogous to coupling ca- R, C]] L, R, C\T L, R, Cs L,

pacitors. 1 al _L :
To date low frequency pro- C C

totypes of such filters have ©) I” I”

been demonstrated using mi- Fig. 4. (a) Desired transfer function for an unterminated, ideal mechan
cromachining technologies ical filter . (b) Mass-spring-damper model and equivalent electrical

121 E : he hich circuit (c) for a three-resonator mechanical filter explicitly depicting
[12]. Extensions to the _lg cr the electrical-to-mechanical analogy.
VHF or UHF ranges and incor-
poration into single-chip transceivers are the subject of the present research proposal, and will
require investigations on all aspects, from material and mechanical design, to circuit modeling
and transducer design, to fabrication technology design. In particular, tenth-micron-scale tech-
nology will play a key role in making communications-grade micromechanical filters possible.
To see this, consider that a general equation for mechanical resonance frequency ®, may be ex-
pressed as

@, = 2)

where m, is the effective (distributed) mass of the resonator, and £, is the system spring constant.
Equation (2) suggests that resonator designs with frequencies in the VHF to UHF range will re-
quire both high spring stiffness and very small mass. The latter requirement (small mass) stipu-
lates that micro-scale resonators be realized. Furthermore, the requirement for high spring stiff-



ness results in a simultaneous requirement for large electromechanical transducer coupling [13].
Large coupling both suppresses noise due to Brownian motion of the mechanical resonator and
enhances the utility of such resonators from a design standpoint. For the case of the capacitively
transduced resonators under study, this requirement for large electromechanical coupling may
necessitate tenth-micron-scale gaps between the resonator and transducing electrodes.

2.2.  High-Q Micromechanical Resonator Oscillators.

The above frequency extension issues translate directly to high frequency, high-Q oscillator
implementation, as well. However, for the case of oscillators used in communications, there is
the additional requirement for enhanced temperature and aging stability, which may require more
advanced resonator topologies, on-chip ovens, and/or on-chip temperature compensation cir-
cuitry. Furthermore, because Q greatly influences the overall short- and long-term stability of
oscillators (phase noise decreases quadratically with increasing (), the requirement of high Q is
more pressing for oscillators than for filters. Balanced anchor designs (i.e., tuning fork designs)
that minimize losses to the substrate are expected to greatly influence the performance of oscilla-
tors referenced to micromechanical resonators. For the case of voltage-controlled oscillators
(VCQO’s), resonator designs that allow substantial tuning of the resonance frequency are required.
Alternative transducer and anchor designs may play significant roles in achieving adequate volt-
age-controlled tuning range.

2.3.  Material Issues.

In addition to the above scaling and design issues, the intrinsic Q and its dependence on fre-
quency is of interest, since the proposed communications applications are heavily dependent
upon the high-Q of micromechanical resonators. In particular, for the case of oscillators, phase
noise decreases quadratically with increasing Q. For the case of micromechanical filters, the O of
the constituent mechanical resonators largely determines the minimum insertion loss achievable.
Since different materials will exhibit different dissipation mechanisms, temperature dependen-
cies, and aging rates, it is instructive to investigate the performance of filters constructed in a va-
riety of materials and with several resonator geometries, such as tuning fork types.

3.0 SUMMARY OF KEY ACCOMPLISHMENTS

To provide a broad perspective for the reader’s convenience, the following comprises a bul-
leted summary of key accomplishments achieved over the period of this grant:

* Invented and demonstrated electrical stiffness compensation, in which a metal electrode is stra-
tegically added around a resonator structure to introduce a temperature-dependent electrical
stiffness that counteracts frequency shifts due to Young’s modulus temperature dependence.
Using this technique, micromechanical resonators have now been achieved with temperature
independencies that rival those of the best AT-cut quartz crystals.

» Demonstrated the first HF range micromechanical resonators constructed of chemical vapor
deposited (CVD) polycrystalline diamond material that exhibit resonance frequencies 80%
higher than attainable via equivalent polysilicon devices, while posting Q’s on par with them.
With its higher acoustic velocity, polydiamond has great potential for more easily achieving the
coveted UHF frequencies (0.3-3 GHz) required for use in wireless communication transceivers.



Invented and demonstrated a bonded-microplatform process for integration of micromechanics
and transistor circuits, where suspended-platform-mounted micromechanics are bonded to a
transistor circuit wafer, then torn away from a carrier wafer to remain on the transistor wafer.
Invented and demonstrated geometric-stress compensation, in which geometric design is used
to introduce a temperature-dependent mechanical stiffness that nulls out frequency shifts due to
Young’s modulus temperature dependence.

Derived an analytical explanation for the 1/ phase noise component seen in the output of a
umechanical resonator oscillator using an off-chip sustaining amplifier.

Developed and demonstrated mixer-based measurement techniques to facilitate the character-
ization of micromechanical disk resonators operating at UHF frequencies.

Invented and demonstrated a 156 MHz radial contour-mode vibrating mechanical disk resona-
tor with a Q of 9,400.

Invented and demonstrated a process technology that combines surface-micromachining, metal
electroplating, and a sacrificial sidewall spacer technique to achieve polysilicon microstruc-
tures and metal electrodes with sub-micron lateral electrode-to-resonator gaps.

Invented and demonstrated a micromechanical tunable dielectric capacitor that has achieved a
0 of 291 at 1 GHz.

Invented and demonstrated vacuum-encapsulated micromechanical resonators using a locally-
heated solder-bonding technique, in which a glass cap is bonded over a wafer containing mi-
cromechanical resonators to them within an enclosure defined by the cap and wafer substrate.
This wafer-level vacuum package has now held a vacuum pressure of 25 mTorr for more than
1.5 years.

Demonstrated a 10 MHz micromechanical resonator oscillator using an off-chip sustaining cir-
cuit, and in measuring the phase noise performance of this oscillator, identified a 1/f phase
noise component not normally seen in comparable quartz crystal oscillators. The 1/ phase
noise component has been modeled and steps are being taken to remove it via DARPA-funded
research.

Demonstrated a lateral FF-beam micromechanical resonator for which the O can be optimized
via proper selection of a dc-bias voltage.

Demonstrated two-resonator micromechanical filters with passbands centered around 68 MHz,
passband rejections in excess of 25 dB, and insertion losses less than 5 dB. These filters used
clamped-clamped beam micromechanical resonators.

Wrote codes to automatically generate micromechanical filters and mixer-filters (“mixlers”) to
satisfy specific sets of specifications.

Demonstrated micromechanical mixer-filter devices that allow both mixing and filtering in a
single passive device. (This work won the Roger A. Haken Best Student Paper Award at the
1998 1EEE Int. Electron Devices Meeting.)

Developed complete models for two-resonator filters using clamped-clamped beam resonators
capable of predicting correctly the required termination resistance and dimensions for a given
specification, capable of explaining the peaking effect seen in higher frequency filters, and ca-
pable of predicting the /IP5 of capacitively-transduced micromechanical resonators.

Developed processing techniques realizing micromechanical resonators with 300 A electrode-
to-resonator gaps with high yield.

Demonstrated virtually-levitated, free-free beam micromechanical resonators with O’s of up to
14,000 operating at VHF frequencies of up to 93 MHz.



* Demonstrated geometric stress-compensated micromechanical resonator designs for folded-
beam nickel resonators that greatly reduce temperature dependencies (down to 2ppm/°C).

* Demonstrated a three-resonator, spring-coupled micromechanical filter at 340 kHz with a per-
cent bandwidth of 0.09%, less than 0.6 dB of insertion loss, and more than 64 dB of passband
rejection. This was achieved using a new ratioed-folded beam resonator design.

* Fabricated nickel resonators with Q’s up to 14,000.

* Investigated the use of in situ localized annealing techniques to not only improve the long-term
stability and quality factor of nickel micromechanical resonators, but also to recover the Q’s of
resonators exposed to various environmental contaminants.

» Completed layout for fully-integrated reference oscillators and for frequency- and bandwidth-
tunable micromechanical filters with automatic passband correction circuitry. A platform-
bonding process to combine Analog Devices BICMOS circuits with micromechanics has been
successfully completed, and integrated microsystems have been evaluated.

* Finished several fabrication runs for resonator samples to be sent to various government and
military agencies and services for stability evaluation. Completed samples have now been sent
to AFRL, CECOM, the MAYO Foundation, and Raytheon TI-Systems.

 Achieved 0.1 pm vertical gaps in 3.1 um-thick single-crystal silicon using ICP etching.

» Demonstrated a process technology combining CMOS and high-aspect-ratio single-crystal sili-
con micromechanical resonators with 1000 A lateral gaps achieved using e-beam lithography.

4.0 DETAILS FOR SELECT KEY ACCOMPLISHMENTS

The efforts over the past four years under this grant have yielded enormous progress towards
the development of micromechanical signal processing circuits for communication applications,
much more than can possibly be detailed completely in just one final report. As such, only a
highlighted subset of accomplishments are presented in this section, and these are presented
within the context of four major thrusts identified for this research: (1) micromechanical resona-
tor frequency extension; (2) micromechanical resonator oscillator design and demonstration; (3)
micromechanical signal processor circuit design and demonstration; and (4) merging technolo-
gies for micromechanics and transistor integrated circuits.

4.1.  Micromechanical Resonator Frequency Extension

At the time this grant started, micromechanical resonators were used mainly in resonant sen-
sor applications, where frequency changes in relatively low frequency resonators (with resonance
frequencies lower than 100 kHz) were used to sense physical phenomena capable of perturbing
resonance frequencies (e.g., temperature, pressure, stress, mass). Signal processing applications
for micromechanical resonators were only very recently invented at the time, and the technology
for this application was in its infancy.

Due to their analytical simplicity and familiarity at the start of this grant, folded-beam, comb-
driven micromechanical resonators were the design of choice at the time, so this work began
with such resonators, with the intent of starting conservatively. Although the frequency range of
such resonators was greatly limited, these devices proved instrumental in provided much-needed
insight into the needs of future resonators for oscillator and filter design. In particular, the first
instances of localized annealing for frequency trimming and O-enhancement (to be detailed later
in Section 4.2.3) were demonstrated using folded-beam resonators, as were the first microme-
chanical filters and nickel devices.
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Fig. 5: Overhead-view schematics of (a) a conventional folded-beam micromechanical resonator; and (b) a
ratioed folded-beam version, allowing control of truss velocity

4.1.1. Ratioed Folded-Beam Micromechanical Resonators

One novel rendition of a folded-beam,
comb-driven resonator introduced near the
beginning of this grant is the ratioed-
folded-beam resonator [14], shown in
Fig. 5(b) in comparison with a conven-
tional folded-beam resonator shown in
Fig. 5(a). As indicated in the figure, the
ratioed folded-beam resonator allows the
designer to control the velocity of the fold-
ing truss, where resonator-to-resonator
coupling occurs in the particular filter de- -
sign of Fig. 50 (to be discussed). Since the .
equivalent dynamic mass and stiffness of a
given resonator is a strong function of the
velocity at the location in question, control
of velocity corresponds to control of the
resonator stiffness at the coupling location.
From the expression for filter bandwidth, -
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coefficient found in filter cookbooks [16],

the bandwidth of a micromechanical filter is clearly controllable via adjustment of the resonator
stiffness at the coupling location k,. Note from (3) that filter bandwidth is not dependent on the
absolute values of resonator and coupling beam stiffness; rather, their ratio kj/k: dictates band-
width. This implies that filter bandwidth is controllable by simply varying the ratio B=(L,/L,),
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where L; and L, are outer and inner folded-beam lengths, respectively (see Fig. 5(b)). This low-
velocity coupling technique becomes particularly important when realizing filters with extremely
small bandwidths (such as in Fig. 50), which without low-velocity coupling, would require sub-
micron coupling beam dimensions.

Figure 6 presents the SEM and measured spectrum for a 342.5 kHz ratioed folded-beam mi-
cromechanical resonator with a measured Q of 41,000 under vacuum. The use of the resonator of
Fig. 6 in a three-resonator medium frequency (MF) micromechanical filter will be discussed later
in Section 4.3.3 of this document.
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resonator.

4.1.2. Clamped-Clamped Beam Micromechanical Resonators

Again, although they did help to accelerate the understanding and development of filter de-
sign methodologies using micromechanical resonators, folded-beam resonators were too massive
to be practically applied to filters with center frequencies higher than medium frequency (MF).
Recognizing this, less massive resonator designs were then pursued for higher operation fre-
quencies, and it was actually the simplest of these, the clamped-clamped beam (“CC-beam”, c.f.,
Fig. 7 [15]), that proved most useful for exploring high frequency (HF; 3-30 MHz) to very high
frequency (VHF; 30-300 MHz) micromechanical circuit designs (to be detailed in Section 4.3).
These clamped-clamped beams were essentially guitar strings shrunk down from the macro-scale
(e.g., 25 inches for a typical guitar string) to the micro-scale (e.g., 10 um, representing orders of
magnitude size reduction) and made in a polysilicon material (rather than metal) to achieve vi-
brational resonance frequencies many orders of magnitude higher than that achievable by guitar
strings, and with much better frequency selective properties. The particular beam depicted in
Fig. 7 is 40.8 um-long, 2 pum-thick, and 8 pm-wide, and can be driven electrostatically via the
underlying electrode to vibrate at an 8.5 MHz resonance frequency with a QO of up to 8,000 under
vacuum. Given a suitable technology to provide an appropriate vacuum environment (see Sec-
tion 4.5.4), the on-chip Q of 8,000 shown in Fig. 7(b) is quite useful both filtering and oscillator
applications in communication transceivers.

Unfortunately, although simple and convenient to use for such applications, the CC-beam res-
onator of Fig. 7 has one major flaw that restricts its practical use to frequencies below 100 MHz.
Specifically, as its dimensions are scaled for frequencies past 30 MHz, it begins to lose an exces-
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sive fraction of its total energy to the substrate through its anchors. To illustrate this O-degrada-
tion phenomenon, Fig. 8 presents the SEM and measured frequency characteristic for a 14 um-
long, 2 um-thick, and 8 um-wide CC-beam resonator, exhibiting a resonance frequency of
71.8 MHz, but showing a much Q of only 300, which is much degraded from the Q ~8,000 for
the 8.5 MHz version of Fig. 7). The observed decrease in Q comes about mainly because the
stiffness of the resonator increases rapidly as its length is shortened to allow higher frequency.
With this increased stiffness, as the resonator beam vibrates, a larger amount of force is exerted
on the substrate at its anchors, resulting in more energy radiated (and lost) into the substrate, and
in turn leading to a much lower Q. This mechanical (or acoustic) substrate loss mechanism might
be perceived as somewhat analogous to substrate loss mechanisms seen in the electrical domain
for LC tank resonators using spiral inductors achievable by conventional IC technology. For such
spiral inductors, problems with substrate loss have so far proven insurmountable if a micro-scale,
small form factor solution is desired. Fortunately, however, where design inflexibility in the elec-
trical domain precludes a micro-scale solution to electrical substrate losses, design in the me-
chanical domain is quite flexible, and several solutions have now been pursued via this grant to
combat anchor dissipation.

Perhaps the simplest approach to
combating anchor dissipation is to pre-
vent huge increases in stiffness as higher
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commercial communications require-

ments, let alone military requirements, which are many times more demanding. Thus, especially
for wireless applications in hostile military environments, it would be much preferred if the
width and thickness dimensions of a flexural beam resonator could remain sizable (on the order
of um’s) as frequency increases, and that the resonator stiffness remain large to allow the device
to handle larger input powers and suppress nonlinear phenomena, as measured by /IP; [17]. Al-
though it won’t be described in detail here, the first measurements of //P; for micromechanical
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resonators were made under this grant, and these measurements, along with analytical formula-
tions predicting //P;, concluded that micromechanical resonator stiffness should remain large if
adequate //P; and power handling performance are to be maintained for both military and com-
mercial communications applications [17].

4.1.3. Free-Free Beam Micromechanical
Resonators

Pursuant to allowing high REICEE
resonator stiffness, high fre-
quency, and high Q simultane-
ously in  micromechanical
resonators, a free-free beam
resonator design that effec-
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tively eliminates anchor dissi- - Free-Eree Beam

pation in micromechanical
resonators was next investi-
gated under this grant. The SEM for a 71MHz
version of this free-free beam resonator is pre-

Fig. 9: SEM of a 71MHz free-free beam micromechanical resonator.
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tected directly off the dc-biased (via Vp) resona- @) Fregu=ncy [MHz]
tor structure. Tan ' :
Design/Performance
The torsional support beams for this device sk £, =13.1um, /7' =6um

"h=2um, d=0.1pum
W=2.8um, V' =76V
TRE- ‘ £=92.25MHz

= O =7450

are strategically designed with quarter- =)
wavelength dimensions, so as to affect an im- E
pedance transformation that isolates the free-free & .7as
g
£

beam from the rigid anchors. Ideally, the free-
free beam sees zero-impedance into its supports,

and thus, effectively operates as if levitated 755 'l‘ -
without any supports. As a result, anchor dissi- f

pation mechanisms normally found in previous

clamped-clamped beam resonators are greatly (b) sREE R4 R BRIB 9200
suppressed, allowing much higher device Q, " . F““l"f""“('-")[”";] B

: : _ Fig. 10: Measured spectra for (a) a 31.51MHz free-
even when the stiffness of resonant beam is ex free beam puresonator: and (b) a 92.25 MHz free-
tremely large. free beam presonator.

Figure 10 compares the measured frequency
characteristics for free-free beam resonators at 31.51 MHz and 92.25 MHz, respectively, show-
ing Q’s right around 8,000 for both resonators— much higher than their clamped-clamped beam
counterparts. Note that the fact that Q remains constant with increasing frequency for these an-
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chor-isolated free-free beam resonators verifies that anchor losses are a dominant mechanism for
O-degradation in the clamped-clamped beams of Fig. 8. Needless to say, these results are very
exciting, as it represents one of the keys to achieving operation frequencies in the UHF range. In
addition, the 92 MHz frequencies demonstrated now satisfy the frequency range needed for IF
filters in the majority of commercial wireless phone handsets, and satisfy the RF range for
SINCGARS (30-88MHz) wireless systems used in the military (e.g., on UAV’s).

To attain further increases in frequency, one need only continue to reduce the length of the
flexural mode beam. For example, a 4.38 um-long, 2 um-thick, 4 um-wide polysilicon beam
would achieve a frequency of 780 MHz when operating in its second flexural mode. Using fine-
line lithography, such as used for today’s transistors, appropriately-sized supports and more ac-
curate support beam attachment locations should be feasible to allow the implementation of such
small devices at UHF frequencies. However, again due to power handling limitations and also
due to “scaling-induced” performance limitations (e.g, mass loading noise, temperature fluctua-
tion noise, both of which degrade oscillator phase noise [19]), if it can be avoided, it is best not
to use tiny dimensions when extending frequencies.

4.1.4. Radial Contour-Mode Micromechanical Disk Resonators

With the intent of attaining UHF fre-

quencies without the need for too much EQ&?gées Anchor Capacitive
scaling, resonator research under this grant
turned its focus away from flexural-mode
resonators to seek out alternative vibration i Choke
modes that would allow high frequency,
while retaining relatively large geometric
dimensions. The result: A micromechani-

Output

cal, laterally vibrating disk resonator, Electrode =
shown in Fig. 11, fabricated via a technol-

h g bi Ivsili £ Fig. 11: Schematic of a contour -mode disk resonator with
ogy that combines polysilicon surtace- the preferred bias and excitation scheme.

micromachining and metal electroplating
to attain sub-micron lateral capacitive

gaps, and demonstrated at frequencies ap- a
proaching 160 MHz with Q’s as high as e
9,400— the highest demonstrated Q to £
date for an on-chip resonator in this fre- o 12
>
quency range [20]. This frequency also 2.
represents the highest to date for an elec- e
trostatically transduced micromechanical '
resonator and is an important step towards 0
reaching the frequencies required by the 0 o - m o

RF front-ends in wireless transceivers.

Unlike previous micromechanical resona- . . .
P Fig. 12: Predicted resonant frequency versus the radius of a

tOI‘S‘ that employ flexural mf)de beams t‘O radial contour mode disk fabricated in polysilicon.
achieve mid-VHF frequencies [18], this

resonator utilizes the radial contour mode,
or areal dilation of a disk, in which the disk expands and contracts along its radius. The geomet-
ric dimensions necessary to reach a given frequency are larger for this contour-mode than for the

Frequency [MHz]
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flexural-modes used by previous reso-
nators [18], making disk resonators
not only geometrically more suitable
for UHF frequencies, but also less
susceptible to the “scaling-induced”
performance limitations described
above. This, coupled with the obser-
vation that larger size leads to higher
power handling ability and higher dy-
namic range [13], and coupled with its
unprecedented Q value, makes this
disk resonator a choice candidate for
use in the IF and RF stages of future
miniaturized transceivers.

Output Transducer
Electrode Gap

SN - S
Fig. 13: (a) SEM of a fabricated 156  MHz contour -mode disk

pmechanical resonator.

The resonant frequency of this 43
contour-mode disk resonator is deter- f =156MHz
mined by its structural material prop- e °Q=9,400 ~—a
erties and is inversely proportional to _
its radius. A simplified expression for %
resonance frequency can be written as g
[}
(2]
=2 4 g
R\ p & .
= Design/Performance
where o is a constant dependent on =1 dli 7(1)(7) (I)L‘E ; -2 ggnv
the Poisson's Ratl'o‘ of the materlal = 56.23 MHZ, 0= 9400
(0.342 for polysilicon), E 1is the =3 [=
Young's Modulus of the material, p is 156.15 155.2 155 25 1553
its density, and R is the radius of the Frequency (MHz)

disk. The plot in Fie. 12 shows the Fig. 14: Measured frequency characteristic for the contour -mode
; P g disk pmechanical resonator of Fig. 13.
predicted resonant frequency as a

function of radius, assuming polysili- “.  ResonantBeam Anchors
con as a structural mater-lal. As shown, Bias‘Electrode '
disk resonators are quite capable of 5 \_,f

extending into the GHz range while
maintaining very reasonable dimen-
sions. (Note that the dimensions in
polydiamond [21] will be even larger.)

Figure 13 presents the SEM of a
fabricated 156 MHz disk with 1000A
electrode-to-resonator gaps. Figure 14
presents the measured frequency spec-

trum for this resonator, showing a Q0 Seaire

£ 9 4000—aoain. the hichest demon- Fig. 15: SEM of'a 10.47 MHz lateral free-free beam polysilicon
o1 5, gan, gh umechanical resonator with metal electrodes and 1000A lateral
strated to date for an on-chip resonator electrode-to-resonator gaps.

in this frequency range.

.

Electrode

g
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In order to minimize the input im-
pedance of this device, high aspect-
ratio, sub-micron lateral gap spacings
are required between the electrode
and disk perimeter. These are
achieved using a process that com-
bines surface micromachining, metal-
electroplating, and a sidewall sacrifi-
cial-spacer technique, to attain lateral
polysilicon resonators with metal
electrodes and submicron lateral elec-
trode-to-resonator gaps without the
need for aggressive lithography and
etching [23]. Resonators with these
qualities are clearly a major im-
provement over previous resonators
(made in either nickel or polysilicon),
since they allow the best of both
worlds from a resonator standpoint:
metal electrodes for low resistance
interconnect (and thus, minimal Q-
loading); and  polysilicon  (or
polydiamond) structural materials,
which to date have allowed much
higher O than nickel resonators. In
addition, lateral resonators in general,
whether disks or flexural mode, have
advantages over vertical counterparts
in that they (1) do not require under-
lying electrodes, so alleviate fre-
quency uncertainties due to topogra-
phy that sometimes plague vertical-
mode resonators; (2) allow higher O
for CC-beam resonators, since they
reduce substrate losses by moving
parallel to substrate, rather than di-
rectly into it; and (3) provide more

Sacrificial SiO Poly Si Gap SiO
2 2

Cr/Au/Cr Seed Layer

(b)

PR after etchback Seed Layer

/ Removed

(©)

PR mold Plated Au

(d)

: Seed Layer
Plated Ni Removed

Resonant Beam
Anchor Electrode Electrode Anchor

{f)

Fig. 16: Process flow for the multiple-metal-electrode, sub-
micron gap, polysilicon lateral presonator technology.

geometric flexibility, allowing for more general mechanical circuit topologies and for more
transducer electrodes (e.g., for balanced operation). Figure 15 presents the SEM of a lateral FF-
beam resonator supported at its nodal locations by second-mode flexural supports that takes full
advantage of the above design flexibilities to achieve a Q of over 10,743 at 10.48 MHz [24].

With reference to Fig. 16, the process begins with steps similar to those used in surface mi-
cromachining to achieve a 2um-thick polysilicon structure supported by an underlying sacrificial
oxide layer. A thin film of oxide is then conformally deposited along the sidewalls of the
polysilicon structure to define the eventual electrode-to-structure capacitive gap spacing (c.f.,
Fig. 16(a)). Next, the bottom sacrificial oxide is patterned and etched to expose the underlying
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nitride film in areas where metal electrodes are to be formed. In preparation for metal elec-
troplating, a thin Cr/Au/Cr seed layer is evaporated over all areas (c.f., Fig. 16(b)), followed by
an photoresist-assisted etch back procedure that removes the seed layer over the tops of the
polysilicon structures to prevent metal from plating over them (c.f., Fig. 16(c)). A thick photore-
sist layer is then patterned to form a mold that, together with the sidewall sacrificial oxide, de-
fines the eventual Au-plated electrodes. After removing the top layer of Cr to expose the Au seed
layer (using the mold as a mask), Au is electroplated to form the electrodes and achieve the
cross-section of Fig. 16(d). The photoresist mold is then removed, and a thin layer of Ni is plated
over exposed Au electrode regions (with Cr blocking any plating in field regions) to protect them
during a subsequent seed layer removal step (c.f., Fig. 16(e)). Structures are then released in HF
to yield the final cross-section shown in Fig. 16(f).

From a frequency extension perspective, with its balanced symmetry (for higher Q), coupling
flexibility (for an assortment of filter and mechanical circuit topologies), and higher power han-
dling ability, the contour-mode disk resonator of Fig. 13 constructed via the process of Fig. 16
represents one of the best geometries available for future micromechanical signal processors at
ultra-high frequency (UHF; 300 MHz -

3 GHz) and beyond. And it appears that [89%

silicon or polysilicon structural material &
will suffice for UHF frequency applica-
tions.

4.1.5. CVD Polydiamond Microme-
chanical Resonators

However, pursuant to attaining UHF
and even higher frequencies with greater
ease, the efforts of this grant soon moved
towards other materials that possess
higher acoustic velocities. Of the avail-
able materials, diamond was identified as
one of the best candidates, since (1) its
acoustic velocity was the highest among
other candidates (including SiC); (2) dia-
mond is well known as an inert, ex-
tremely stable material, very appropriate
for communication reference appli-
cations; and (3) diamond can be depos-
ited in polycrystalline form via a CVD
process, and thus, is amenable to conven-
ient MEMS fabrication techniques, like
surface-micromachining.

Of the above advantages, the acoustic
velocity of course is most relevant to at-

Fig. 17: (a) Wide-view and (b) zoom-in SEM’ s of a 3MHz
. . ) CVD polydiamond CC-beam pmechanical resonator with
taining higher frequency. More specifi- metal electrodes, all fabricated via the process of Fig. 18.

cally, since the resonance frequency of a
mechanical resonator is generally directly
proportional to the acoustic velocity of its structural material, polydiamond has great potential
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for more easily achieving the coveted UHF frequencies (0.3-3GHz) required for use in present
and future wireless communication transceivers.

From a resonator stability perspective, due to the inert nature and inherent stability of dia-
mond material, for which very little diffusion can occur even at high temperatures [25], diamond
can potentially offer better aging characteristics than polysilicon, which is extremely important
for communication frequency reference applications.

With the above as incentives, the researchers of this grant teamed up with Jim Butler and his
research group at the Naval Research Laboratory to explore CVD polycrystalline diamond mate-
rial as a structural material for high frequency micromechanical resonators. This investigation
involved the fabrication and testing of various resonators previously achieved in polysilicon
technology, but using CVD polydiamond as the structural material, provided by the Naval Re-
search Laboratory. Both clamped-clamped beam and folded-beam, comb-driven micromechani-
cal resonator designs were used, the former to allow HF frequency evaluation, the latter to facili-
tate measurement of the intrinsic Q of the polydiamond material. In particular, lower frequency,
highly-compliant, folded-beam designs suffer less from anchor dissipation, so are more suited to
determining the intrinsic Q of the structural material under vacuum.

Figure 17 presents scanning electron micrographs (SEMs) of a 3 MHz CVD polydiamond
CC-beam micromechanical resonator fabricated via the surface micromachining process outlined
in Fig. 18 [21]. If its length is much longer than its width or thickness, an expression for reso-
nance frequency of a CC-beam can be written as [15]

Cr/Au Electrode  Bonding Pad Silicon
7, =1.03K \/Eiz[l— REAR) e . o oM R Nitide
P L Silicon Oxide 2um
which clearly depends on both beam di- (a)
mensions (specified in Fig. 17) and CriAu  Sacrificial Oxide ny?rqéa S
structural material properties, specifi- e it ol G -
cally the Young’s modulus £ and the Silicon Oxide 2um
density p, both of which define the (b)
acoustic velocity, \/E/p . In (5), x is a Anghor
frequency modification factor that ac- 2um4 ~_~ Boron-Doped Polydiamond |
counts for beam topography [15], and the ' ' Sillicon Oxilde ' '
function g accounts for the effect of elec- (c)

trical stiffness [15].

The process flow of Fig. 18 differs
from conventional polysilicon surface
micromachining processes [15] in three
key ways: (1) Cr/Au metal is used as the
interconnect material rather than polysili-
con, to lower interconnect losses for high
frequency applications; (2) PECVD ox-
ide is used as the sacrificial layer, which
simplifies the release of sub-micron elec-
trode-to-resonator gaps; and (3) low
temperature CVD polydiamond is used

Sacrificial Oxide Aluminum Mask

2um Boron-Doped Polydiamon
Silicon Oxide 2um
(d) =
Cr/Au CI d-Cl dB flicon
r/Au Clamped-Clamped Beam Nitride
2um Boron-Doped Polydiamond J
Silicon Oxide 2um|
(e)

Fig. 18: Fabrication process flow for the polycrystalline dia
mond CC-beam resonator with metal electrodes.
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as the structural material, with advantages as described above.

Among the various steps in any CVD polydiamond process, the formation of a diamond nu-
cleation layer is perhaps the most important, since the size and density of nucleation particles has
the greatest impact on the eventual size and coverage of diamond grains, hence, on the surface
roughness of polydiamond films. Given the impact of surface roughness on the Q of previous
high frequency polysilicon micromechanical resonators [13], smooth films are preferred.

For this work, a nucleation layer was established by (1) first pretreating the substrate to the
diamond growth plasma conditions for a brief period of time, typically 10 to 30 minutes; then (2)
putting the treated substrate into an ultrasonic bath of ultra disperse nanocrystalline diamond
powder [22] in methanol for 10 to 60 minutes; followed by (3) immediate rinsing and washing
with ethanol and nitrogen blow dry. Finally, the seeded substrate is returned to the growth reac-
tor and doped diamond is grown to the desired thickness. Doping was achieved by the addition
of dilute amounts of diborane to the reactants. The growth rate and film thickness was monitored
in situ by diode laser reflectometry at 670 nm. Uniform and conformal nucleation densities in
excess of 10" cm™ have been observed over a variety of dissimilar materials with this technique,

enabling the fabrication of continuous =0 EwIE
films with thlckn§sses as little as 80 to 5 |l £ 25 939MHz
100 nm on Si or SiO;. -0 || ° v =45V
. . . =5 R =26.8kQ
Polydiamond can be deposited and in E‘ 10 [ =55um
situ doped with boron via a microwave 'ET' s
PECVD process using as reactants 0.33% 2 =0
CH4 and 6.7x10°% B,Hs in a flow of & -
900sccm of H, at 15Torr, excited by % an
800W of 2.45GHz microwaves, with a s
substrate temperature between 500 and oo

600°C. The material of this work was de- aq] 292 4243 264 295 986 267
posited at 540°C, which is low enough to

allow the use of highly conductive metal requanas [MHz]

Fig. 19: Frequency characteristic for a 2.94MHz CVD poly

electrodes for lower loss and higher diamond CC-beam resonator.
power handling at GHz frequencies. Once
deposited, the polydiamond is easily ma- - Q=2 071
chinable via RIE, using an O,/CF4 chem- s | f,=4-206MHz
istry that does not attack the underlying vV, =45V

. . . . R =55.6kQ
oxide at an excessive rate (making it g -0 [ =45

C : - =45um
amenable to fabrication via surface mi- = .
cromachining. Figure 17(b) presents a 3 i
zoomed SEM shot of a fabricated S
=

polydiamond beam, showing grains on the
order of 300nm and a surface roughness 55 4
of about 100 nm for a 1.1um thick film.
To etch the diamond material, an RIE rec-
ipe using O, and CF, at 50mTprr with a Frequs n; (M H

power of 250W was uged, with an etch Fig. 20: Frequency characteri;tic for a4.21MHz CVD poly
rate about 2um/h, and with very good re- diamond CC-beam resonator.

sults, as shown in the SEM of Fig. 17(b).
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CC-beams were designed and fabri-

cated with varying lengths with the inten- N 13 \
tion of generating a plot of frequency ver- é 12 kY :
sus beam length, from which Young’s E 10 Y /Equatlon )
modulus can be more accurately extracted c & &
by curve fitting. Figures 19 and 20 present = E \}""&._

.. o 4
the frequency characteristics for 2.94 and Loz
4.21MHz CC-beams, respectively, meas- 0
ured under 50uTorr pressure, showing O’s 20 40 &0
of ~6,000 and ~2,000, both of which are Length of the CC-Beam [um]
comparable to values seen in polysilicon  Fig. 21: Plot of frequency versus beam length for the CVD
versions at similar frequencies. Figure 21 diamond resonators qf this work. (The poiqts are mea
presents the desired plot of frequency ver- Elgeélst)i.e)lta, the curve is the theoretical prediction of
sus beam length, from which a curve fit of
Eq. (5) (shown) using the crystalline dia- _ Anchor

mond density of 3,500kg/m’, yields a
Young's modulus of 304GPa and an
acoustic velocity of 9,320m/s. Although
this value of acoustic velocity is larger
than the 8,076m/s of polysilicon (by 15%),
it is still not as large as potentially achiev-
able, since single-crystal diamond has an
acoustic velocity more than twice that of
polysilicon.

. LI——Drive ' Sense
To remedy this, a second run was done Electrode Electrode

in which a higher nucleation density was
achieved to create smoother films. Fig- Fig. 22: SEM of a 38.8 kHz CVD polydiamond folded-beam,

b-dri hanical t
ure 22 presents the SEM of a folded-beam, combaivenHmechanicn resonator

comb-driven micromechanical resonator -6 I 0=19.500
fabricated via this second run. . Cj"ig;\'/"z
Upon testing, the CVD diamond % 06 .
folded-beam resonators of this particular g_zu
run were found to be more resilient against ?
moisture-induced stiction than previous g
polysilicon versions, and supercritical CO; 2 an |
drying was not necessary to obtain free- g g
standing structures; i.e., no devices were
stuc?k after a sjmple hot-plate-assisted air 5';”3 o mmm  mes  goed  smer | gag
drying step. Figure 23 presents the meas- Frequency [MHz]
ured frequency characteristic for the reso-  pig 23: Frequency characteristic fora 38.8  kHz CVD
nator of Fig. 22, showing a resonance fre- polydiamond folded-beam pmechanical resonator.

quency of 38.8 kHz and a O of 19,500,

which almost as good as values seen in identical polysilicon pmechanical resonators. In addition,
the measured frequency of 38.8 kHz is more than 80% higher than measured in equivalent
polysilicon versions of this resonator, indicating that the Young’s modulus for this run is
985 GPa, which is close to the expected value for single-crystal diamond! Needless to say, this
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result establishes polydiamond as an excellent material candidate for use in high-Q UHF filter
and oscillator applications for communications, as well as other high-Q applications (e.g., gyro-
scopes, resonant sensors, etc.).

4.1.6. Technology Transfer

To transfer this technology to military-relevant users and laboratories, a number of fabrica-
tion runs were done with conservative, more robustly designed polysilicon CC-beam devices op-
erating at 5, 10, and 20 MHz. These devices were then delivered to Raytheon TI Systems for
vacuum packaging, using a technology they developed under the DARPA/MTO MEMS Pro-
gram. After vacuum packaging into DIP packages, dies were sent back to the University of
Michigan for final evaluations, then sent out to various military labs and industry users, includ-
ing AFRL/ITI, CECOM, and the MAYO Foundation. Raytheon TI Systems also retained a good
number of resonators for their own evaluations. At the time of this writing, Tim Schaeffer at the
MAYO Foundation has reported that the resonators received have worked in their particular sys-
tem. (Contact Tim Schaeffer for more information, as his application is classified, so he cannot
tell me exactly what it is.)

4.2.  Micromechanical Resonator Oscillator Design and Demonstration

While micromechanical resonators were being demonstrated with increasing frequencies,
practical communication circuits that utilized the earlier resonator designs were also being ex-
plored. Of the many blocks in a communication transceiver that can benefit from MEMS imple-
mentation, the highly-stable, low phase noise, reference oscillator was the most straightforward
to attack first, since its operation frequency is on the order of 10-20 MHz, which was in range
early in the course of this grant. As a result, this grant pursued a reference oscillator as the first
MEMS/ transistor system demonstration.

Among the oscillators achieved early in this grant were lower frequency prototypes using
folded-beam micromechanical resonators, constructed in both polysilicon material [26] and
nickel material [27]. (As will be detailed in Section 4.2.4, nickel was investigated as a vibrating
micromechanical resonator material due to the ease with which it could be integrated together
with transistor circuits.) Although these lower frequency oscillators proved helpful in predicting
some of the issues that would need solving for higher frequency versions, they will not be de-
tailed in this final report, as they have already been described in previous reports, and in the in-
terest of maintaining a reasonable page count for this report.

4.2.1. A 10 MHz Micromechanical Resonator Pierce Oscillator

To attain an oscillator at a frequency more consistent with communication reference oscilla-
tors, a modified Pierce circuit topology was used to first demonstrate a ~10MHz pumechanical
resonator reference oscillator, then to assess the ultimate frequency stability of such an oscillator
via accurate measurement of its close-to-carrier phase noise [28].

Figure 24 presents the complete circuit schematic utilized to instigate and sustain oscillation.
Although it maintains the phase noise advantages of the Pierce topology, this circuit differs sub-
stantially from the conventional Pierce, as it uses two transistors instead of one in order to com-
pensate for the large series motional resistance R, of the clamped-clamped beam (“CC-beam”)
pmechanical resonator used to set the oscillation frequency. The additional transistor is needed
not for additional gain, but rather for buffering, to insure that the overall loop phase shift
(=180°+d 1 +ho+¢3) equals 0° (or 360°)y—one of the fundamental conditions required for
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oscillation. In particular, interaction be-
tween the large R, (~3kQ) of the
presonator and the surrounding capaci-

tance tends to constrain ¢, to smaller val- .
ues than seen when a quartz crystal (with Circuit Data

. . V =4V
R~50Q) is used as the frequency setting L =570uH
element. To compensate for a smaller ¢, C =0.1uF
the phase drop ¢3 indicated in Fig. 24 is Céz_:f;“;
increased by adding a common-collector Cf=1.0|:F>)F
stage before the main transconductor de- R =15K
vice to raise the input resistance R; of the R =3I
sustaining amplifier. Once the above gain 55511"5':
and phase conditions are met, oscillations Clamped-Clamp ICM L "=330uH
start-up and grow until capacitive trans- BeamuResonator vV =7.0V
ducer nonlinearity raises the R, of the
pmechanical resonator [26], [29], to a
value where the total loop gain is unity, at R
which point steady-state oscillation en- o olified "
sues. Note that this limiting mechanism  Schematic
based on resonator nonlinearity is quite 1

360°

different from that exhibited by quartz

crystal counterparts, which normally limit  Fig. 24: Circuit schematics for the pmechanical resonator
via transistor nonlinearity oscillator of this work, using modified a Pierce configu
) ration.

The oscillator circuit of Fig. 24 was

realized using a ~10 MHz CC-beam pmechanical resonator, together with off-chip, board-level
electronic circuit components. It was then tested under 50uTorr vacuum using a custom-built
vacuum chamber with feedthroughs to external measurement instrumentation. Figure 25 presents
the Fourier spectrum for this oscillator as measured by an HP 8561 Spectrum Analyzer, as well
as an oscilloscope waveform in the inset, showing an amplitude of 210mV, adjustable via the dc-
bias voltage Vp (which controls the R, of the resonator). The slight distortion seen in inset of
Fig. 25 arises from a rather large second harmonic peak, as shown in Fig. 26, which presents a
Fourier spectrum of the oscillator output over a wider frequency range. Detailed modeling shows
that this excessive second harmonic distortion peak arises from frequency instabilities caused by
the electrical spring stiffness of the capacitively-transduced CC-beam pmechanical resonator,
which itself is a strong function of the voltage and gap spacing between the electrode and resona-
tor beam.

Figure 27 presents a plot of phase noise density versus frequency offset from the 9.75 MHz
carrier, measured using an HP E5500 Phase Noise Measurement system. The theoretical predic-
tion using Leeson’s equation [11] is also included for comparison, as is the phase noise plot for
an oscillator made using the same Pierce sustaining amplifier circuit, but with a quartz crystal
(0=7,000) replacing the pmechanical resonator. Evidently, the puresonator oscillator is not per-
forming nearly as well as expected by Leeson’s equation.
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Given the recent interest in “scaling-
induced” physical noise mechanisms, such as
adsorption-desorption noise (i.e., mass load-
ing) or thermal fluctuation noise [19], that be-
come more important as devices are scaled to
achieve high frequencies, one might first sus-
pect these noise sources as possible mecha-
nisms. However, as shown in the predicted
curves (using theory from [19]) for these
noise mechanisms in Fig. 27, the dimensions
of this 9.75 MHz resonator are large enough
that the scaling-induced noise mechanisms
should be insignificant even in comparison
with noise predicted by Leeson’s equation, let
alone the actual measured noise.

Closer inspection of Fig. 27 reveals that
the slope of the phase noise curve at small
frequency offsets is in fact not the 1/f* pre-
dicted by Leeson’s equation or by scaling-
induced noise theories, but rather 1/ f3 , and it
is this 1/# component that significantly de-
grades the short-term stability of this oscilla-

tor, limiting the phase noise to —80 dBc at a 1 kHz offset from the carrier. Although investiga-

tions into this are ongoing, initial analyses
suggest the following possible mechanisms
for this 1/ phase noise component:

(1) Non-linearity in the resonator capacitive
transducer aliases 1/f electronic noise
(e.g., from the sustaining amplifier) onto
the carrier frequency, generating a l/f3
component.

(2) 1/fnoise associated with the dc-bias Vp on
the resonator structure modulates the elec-
trical stiffness k. of the resonator [15], in-
ducing a 1/ phase noise component.

(3) 1/f mechanical noise induces variations in
the electrode-to-resonator gap spacing d,,,
which then modulates the electrical stiff-
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Fig. 27: Phase noise versus frequency of fset from the carrier for a
9.75 MHz CC-Beam Pierce oscillator and a 10 MHz crystal ver
sion. Theoretical phase noise plots for the CC-beam oscillator
are also included.

ness k. [15], generating a 1/ phase noise component.
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Of the above, (1) is the most likely mechanism, since its expression for phase noise [28]

2 A 2 V2 2
— 12 12 + Qzl (80 06) P '2qK113Rs2’f03 (6)
4Ql 4VP kreff do f

m

Lif,}

most closely matches the measured data. In (6), K is the flicker noise coefficient for a bipolar
transistor, /p is its base current, and R; is the transresistance gain of the sustaining amplifier. As-
suming a 1/f'noise corner of 5 MHz, /;=0.5 mA, and R=14 kQ, (6) gives —81 dBc/Hz @ 1 kHz
for the oscillator of Fig. 24. This value agrees very well with the data of Fig. 27, and thus, lends
confidence that mechanism (1) is most responsible for 1/ phase noise. This is rather fortunate,
since it implies that the 1/# phase noise component can be reduced by minimizing the 1/f noise
of the sustaining amplifie—something that can easily be done by improving the 1/f noise perfor-
mance of the input transistor in the sustaining amplifier. Work to remove this 1// phase noise
component is presently underway by this PI under the DARPA/MTO NMASP Program.

4.2.2. Temperature Compensation

In addition to short-term stability, reference oscillators (and virtually all other communica-
tion components, including the filters to be discussed in Section 4.3) must also satisfy stringent
long-term stability specifications. Of the various physical phenomena that generate long-term
frequency instabilities, temperature changes are among the most important. At the start of this
grant, temperature stability was perhaps the performance category where micromechanical reso-
nators were most lacking when compared with quartz crystals. In particular, at the start of this
grant the total frequency excursion of a typical clamped-clamped beam polysilicon microme-
chanical resonator over the military temperature range was almost 70X worse than that of the
best AT-cut quartz crystal.

Pursuant to closing the gap between
micromechanical resonators and quartz, _
two techniques were developed under .| Anchors

. Resonant Beam
this grant to compensate for the tempera-
ture dependence of micromechanical
resonators. The first, dubbed “geometric- b
stress compensation”, utilizes strategic :
geometric design to realize a tempera-
ture-dependent mechanical stiffness that .
counteracts frequency changes due to
Young’s modulus temperature depend- Temperature
ences [30]. Figure28 presents the Cogtnper{sation _
perspective-view  schematic  of a ru_c 2 i Anneallng E!e-ctrode- r
geometric-stress temperature- aeas leku A38E  1evm N33

compensated resonator, indicating key

e Fig. 29: SEM of a 13.5 MHz mechanically temperature-com
COII'lp opents and specifying a preferred pensated resonator: (a) Perspective view. (b) Close-up view
excitation and measurement around the electrodes.

configuration. As shown, this structure
cesmstor bfam diwhorddniodie sedoteter at one end, but supported at the other by a folded struc-

| |
Electrode
: |

Bias Electrode

Elec_i:grode

—
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ture comprised of a truss section attached to two outer beams. Metal electrodes are positioned on
either side of the resonator beam to allow lateral (i.e., x-directed) excitation using the voltage
configuration shown. To insure that only the resonator beam vibrates when excitation signals are
applied, the outer support beams are made much wider than the resonator beam, making them
rigid against lateral motions. The outer beams are also designed to be longer than the resonator
beam, so they will expand faster than it with increasing temperature, generating a net tension in
the resonator beam. This tensile stress serves to increase the beam's resonance frequency, and
thus, oppose frequency decreases caused by Young's modulus temperature dependence, resulting
in a smaller overall resonance frequency excursion over a given temperature range.

Te mperature Compensation
Support Beam

Lateral
Capacitive Gaps

Folding Truss

Lateral
Flexural-Mode
Resonator Beam

MMR Emperature y
Controllable
Plaform

K20 Te mperature Controller

‘F8714 dri.vese.nse Anchors

Fig. 28: Perspective-view schematic of a mechanically temperature-compensated micromechanical resonator and
test set-up.

Figure 29 presents the SEM for a 13.5 MHz version of this temperature-insensitive resonator
design fabricated via the sub-micron lateral gap process technology summarized in Fig. 16. Fig-
ure 30 presents a plot of fractional frequency change versus temperature for the resonator of
Fig. 29 with varying L,/L, beam ratios (see Fig. 28). From this plot, control of the resonance fre-
quency temperature dependence

can clearly be seen. In particular, LI,

for Ly/Li beam ratios from 30/ 40 60/40

to 60/40, the temperature coeffi- 50/40

cient decreases from —35.9 ppm/°C

for the L,/L;=30um/40um device é 70/40

to 2.5 ppm/°C for the

Ly/Li=60pm/40um device. Unfor- 5 40/40

tunately, however, for higher beam

ratios, the temperature coefficient 80/40
30/40

is seen to degrade. This can be ex-
plained via a mechanism where the 200 320 240 260 =0

support beams bend upwards or Temperature [K]

downwards when the stress in the  Fig. 30: Plots of fractional frequency change versus temperature
b b " 1 in d for temperature compensated micromechanical resonators with
cams becomes too large n de- various L /L compensation ratios.

vices with large L,/L; beam ratios,
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thereby suppressing and eventually reversing tensile stresses. Such a mechanism has been veri-
fied via finite element analysis, and this second order effect remains a limitation of the geomet-

ric-stress compensation technique.

In addition to the described support beam bending problem, the geometric-stress compensa-
tion method may also suffer from long-term stress-relaxation effects that allow the temperature
dependence to change with time. Beyond this, the need to include geometric-stress inducing sup-
port beams that slightly influence the resonance frequency of the primary resonator beam also
complicates the overall resonator design. This can be especially troublesome if the resonator
were to be used in a micromechanical filter, for which the complexity of constituent resonators
should be minimized to allow easy access to them via coupling beams.

In the effort to remedy the above
deficiencies, the last six months of this
grant have yielded a major break-
through in micromechanical resonator
thermal  stability. In  particular,
polysilicon micromechanical resona-
tors utilizing a novel temperature-
dependent electrical stiffness design
technique [31] to compensate for tem-
perature-induced frequency shifts have
been demonstrated with greatly re-
duced temperature coefficients (7C/s)
on the order of —0.24 ppm/°C, which is
67 times smaller than exhibited by
previous uncompensated resonators.
With this new resonator design, the
total frequency excursion over a 300K
to 380K temperature range has been
reduced from 1,280 ppm for an un-
compensated device [18] to only
18 ppm, which for the first time, is
now small enough to erase lingering
concerns regarding the temperature
stability of MEMS-based resonators
targeted for communication applica-
tions. In addition to outright better per-
formance, this technique offers numer-
ous other advantages over previous
compensation methods, including: (1)
no dc power consumption; (2) voltage-

Resonator Beam Overhead Electrode
Driving Electrode

Fig. 31: (a) Perspective schematic of a stif ~ fness-compensated
pmechanical resonator , with ef fective cross-sections under
different temperatures in (b) and (c).

control of the temperature coefficient; (3) ease of fabrication, which makes it flexible enough to
use on a variety of different resonator designs; and (4) less susceptibility to stress relaxation
(which is a potential problem for the geometric-stress compensation method discussed above

[30]).
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Figure 31(a) presents the perspective-view schematic of an electrical stiffness-compensated
temperature insensitive micromechanical resonator, indicating key components and specifying a
preferred excitation configuration. As shown, this device consists of a polysilicon clamped-
clamped beam (CC-beam) resonator, over which a metal electrode spaced 1000A above the
beam has been added as the key instrument for temperature compensation. The anchoring struc-
ture for this top electrode includes slits to prevent compression induced bending of the electrode
due to temperature increases. As shown in the effective cross-section of Fig. 1(b), the overhead
electrode is supported by blocks constructed of a material that expands faster than the structural
material of the mechanical resonator and its anchors. With this selection of materials, when the
temperature is increased, expansions are such that the bottom side of the top electrode moves
vertically upwards faster than the top of the resonator beam, resulting in a net increase in the top
electrode-to-resonator gap spacing d,;, as shown in the higher temperature cross-section of
Fig. 1(c). This increase in the gap spacing then leads to a decrease in the top-electrode-to-resona-
tor electrical spring constant and a corresponding increase in the resonance frequency, which
then counteracts the decrease in frequency caused mainly by Young’s modulus temperature de-
pendence. Accounting for this mechanism, the expression for the temperature coefficient of the
resonance frequency can be written as

3 (VP — VC )2 goADZ

TCf = (aE, -a, )+ E d:ka (ae -a, )hbe > (7)
where o, is the temperature coefficient of Seed Layer Poly-Si _
the Young’s modulus, o, and o, are the Poly_sl'\i’emoved Nﬂ Seed
thermal expansion coefficients of the Si N
resonator and electrode, respectively, 4, is s?o;‘
the mechanical stiffness of the resonator Si Substrate

(with no applied dc-bias Vp), m, is the ef-
fective dynamic mass of the resonator, k.
1s the electrical stiffness, Vp is the dc bias
voltage, V¢ is the dc control voltage on the
top electrode, A4, is the top electrode-to-
resonator overlap area, g, is the permittiv-
ity in vacuum, and d,; is the gap spacing Plated Au
between the top electrode and the resona-
tor. As indicated in (7), the electrical stiff-
ness generated across an electrode-to-reso-
nator capacitive gap depends strongly on & GulssirEle
not only the gap spacing d,,, but also on

Plated Ni

Si Substrate

. Released Top Metal
the voltage apphed across the gap (VP‘I./C)' Poly Structurg Elgctrode
Thus, by changing V¢, the total electrical Electrode ] .
stiffness as a function of temperature can —
be optimized to qull the 7Cy of the resona- Si Substrate
tor beam—a distinct advantage over other
compensation methods. Fig. 32: Process flow cross-sections for top metal electrode forma

tion. (a) After standard surface micromachining, deposit top
The process flow for constructing the sacrificial oxide and seed layer. (b) After molded electroplating
head el de i | £ of sacrificial Ni spacer . (c) After molded electroplating of Au
overhead electrode involves a sequence o top electrode. (d) After HF release.

molded metal electroplating steps, and is
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summarized in Fig. 32. Figure 33 presents the SEM photograph of a fabricated device. Figure 34
presents a frequency characteristic measured under SOmTorr vacuum for the resonator of Fig. 33,
showing a Q of 4,000, which is on par with previous CC-beams in this frequency range. Fig-
ure 35 presents a plot of fractional frequency change versus temperature for the resonator of
Fig. 33 with varying values of applied dc-bias (Vp_V¢) across the top electrode-to-resonator gap.
Clearly, the slope of the frequency versus temperature curve is adjustable via Ve With
(Vr—Vc)=8V, the frequency versus temperature curve is flattest, achieving a 7C/~—0.24ppm/ °C
and yielding a total frequency excursion of only 17.8 ppm from 300K to 380K—the best to date
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o 55
=
o £l
E
£ £5
g o
<
-Th
0
RaH] L
i 7 9.2 94 991 948z 9483 9
Resonator Beam e 24 Frequency [MHz]
——— — Fig. 34: Measured frequency characteristic for the
Fig. 33: SEM of a fabricated 10MHz stif fness-compen 10MHz stif fness compensated resonator of
sated temperature-insensitive micromechanical reso Fig. 33. (The inset shows the measurement set-
nator, with an inset zoom in on the gap. up.)

for any micromechanical resonator without assistance from active electronics.

Via the described stiffness-compensation design technique, the temperature stabilities of
pmechanical resonators have been reduced to levels rivaling that of the best AT-cut quartz crys-
tals, and this constitutes a major step towards the use of these devices in stringent communica-
tions reference oscillator applications. Although the demonstrated performance is extremely en-
couraging, it should be mentioned that work towards establishing pmechanical resonators as
practical frequency references is still unfinished, 1500
since hysteresis in the temperature curves is yet un-
tested, and sufficient aging and thermal stability must
still be demonstrated under packaged environments. 00
Work towards these ends must continue.

1000

Afif [ppm]
=

=500

4.2.3. Localized Annealing for Frequency Trim- -tppp | —0:24pPm/'C ov
ming
. . 1500 - - -
Although a major success, the demonstration of a 200 290 240 360 280

method to achieve adequate temperature stability is Temperature [K]

3 1 1 Fig. 35: Plot of fractional frequency change versus temper
-]uSt one of many achievements needed before mi ature for the 10MHz stif fness-compensated reso

cromechanical resonator oscillators can begin to ser- nator of Fig. 33. Plotted as a function of the  7C
control voltage, (V, V).
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vice military and commercial wireless transceivers. Another extremely important capability in-
strumental to the economical manufacture such oscillators is the ability to trim micromechanical
resonator frequencies to exact values. In particular, for the case of reference oscillators, the oscil-
lation frequency must often be accurate to within 10 ppm of a desired value. Although the dc-
bias applied to a capacitively-transduced micromechanical resonator can be used to tune its reso-
nance frequency [15], a more permanent trim technique is often preferable, mainly to eliminate
the need for a stable, controllable dc-bias in the oscillator circuit. In addition to oscillators, fre-
quency trimming is also required for filters. For the case of filters, a permanent trim technique is
again more desirable than mere dc-bias trimming, and even more so than for oscillators, since for
filters many resonators must be trimmed, and dc-bias-based frequency tuning would require too
many leads if numerous filters are needed.

To address this problem, an
electrical-based frequency trim- Comb Transducer
ming technique was demonstrated, '
based upon filament-like heating or
annealing of a micromechanical
resonator, which alters the stress
distribution in the structure, ulti-
mately changing its frequency [32].
Figure 36 presents a schematic de-
picting details of this filament an-
nealing procedure as applied to a
properly biased and excited comb-
driven, folded-beam pmechanical

resonator [4] with sense electron- _ . _ . . .

ics. Th tor desion is simil Fig. 36: Perspective-view schematic depicting details of the fila-
1¢S. 1he resonator ?Slgn 1S Similar ment annealing procedure, showing circuit details and indicat-
to predecessors [4] in all respects, ing key components.

except for the provision of distinct
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To anneal the presonator, the pulse voltage generator vyueq is activated. Depending on the
requirements, Vgueq 1S made to emit one or more voltage pulses of magnitude V,..; for each an-
nealing cycle. During each pulse, the potentials of the input and output electrodes, the ground
plane, and one of the resonator anchors are raised by V..., While the potential at the remaining
resonator anchor remains constant at Vp. Thus, each pulse effectively applies a voltage across the
resonator, from anchor to anchor, of magnitude V.., Which then sources a current /e, from
anchor to anchor. This current flows through the resonator structure, dissipating a power given

by
P

_ 72
anneal ~ 1 anneal Rstruct ’ (8)

where Ryt 18 the resistance between the anchors of the resonator. Heat is thus generated
throughout the resonator structure, raising its overall temperature and effectively annealing it.
Frequency changes then result predominantly from anneal-activated stress changes in the struc-
ture.

Although long anneals using long volt- PR Ni seed layer
age pulses can induce significant, perma- . i
. . . Sio Ti/Au
nent frequency shifts in released microme- :
chanical resonators, they are not conducive \

to precise trimming of frequencies. For
better precision, short pulses on the order

e . . | Si-substrate | | Si-substrate |
of milliseconds are more appropriate. Fig-

; - (a) 1. Thermal oxide d) 6. Deposit seed layer
ure 37 presents a plot pf frgctlonal fre- (a) 2 Lifteoft TilAu (d) 7. Pattern plating mold
quency change versus trial with the num- Plated Ni
ber of pulses per trial as a third variable. Al

For each trial, Vymea=7V, 17/~2 ms, and
=4 ms (ie., a 50% duty cyclewasused). |\ / -~ \ /| [\ /] ~~ \ /|
As shown, although little or no frequency
change was seen for one and two pulse an- " Sh-substrate |
neals, the frequency change per trial was

Si-substrate

. (b) 3. Evaporate Al as (¢) 8. Plate Ni
very con51stent.f'0r three a.nd four pul.se sacrificial layer Electrode Movable Electrod
anneals. In addition, Af/f, increased with 4. Open anchor \  Stucture
the number pulses for these cases, which /

: N W]
suggests some influence from total anneal-

ing time and/or thermal cycling on the fre-
quency change per trial.

Beyond trimming of frequencies, the (C) 5.Fill anchors with Ni

I-supstrate

above localized annealing method has also G,;faun"ed 9. §§$,°,‘;‘§,g:°'d and
been shown to raise the Q of microme- 10. Release
chanical resonators [32], even using only Fig. 38: Nickel surface micromachining process flow.

annealing pulses. As (Q-enhancement via

localized annealing has been covered in

previous reports and in [32], it will not be expanded upon here in the interest of this report’s page
count. Some aspects of it, however, are covered in the next section, in the context of in situ local-
ized annealed Q-enhancement.
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4.2.4. Nickel Micromechanical Resonators, Q-Enhancement, and Aging Studies

As discussed more fully in the Semi-
Annual reports, excessive series resis-
tance in polysilicon interconnect is re-
sponsible for O-degradation in microme-
chanical resonators used for filters and
oscillators, causing undue insertion loss in
the former, and compromised phase noise
performance in the latter. In part for this
reason, and also because nickel is more
amenable to direct planar integration with
integrated circuit transistors (see Sec-
tion 4.5.2), electroplated nickel was inves-
tigated as a potential structural material
for use in high-Q resonator applications.

Several versions of an electroplated-
nickel surface micromachining process
technology, using aluminum as the sacri-
ficial material, were developed over the
course of this grant. The fabrication tech-
nology for nickel MEMS evolved as the
importance of solid anchors for high Q
operation became better understood. Fig-
ure 38 presents a cross-sectional flow dia-
gram depicting the fabrication procedure
for the most advanced process used to
manufacture the nickel puresonators of this
work, which features selective electroplat-
ing of nickel plugs to fill in contact an-
chor openings before plating the actual
nickel structures [27]. As shown in
Fig. 38(f), weak points in the resonator-
to-anchor attachments are eliminated with
this process (provided there are no adhe-
sion problems between successive nickel
layers). Figure 39 shows the scanning
electron micrograph (SEM) for a folded-
beam, comb-driven nickel pmechanical
resonator fabricated via this latest process.
Figure 40 shows a scanning electron mi-
crograph (SEM) of a completed nickel
uresonator, featuring a geometric tem-
perature compensation design (as detailed

Anchors

------

Bias Electrode Bias and Anneal Electro| ‘

L

Fig. 39: SEM for a folded-beam, comb-driven Ni pmechani
cal resonator using the new rigid-anchor process flow.

Annealing &
Bias Electrode

Drive Electrode

b e R

Annealing &
Bias Electrode

Fig. 40: SEM of a geometric-stress compensated nickel
micromechanical resonator.

Fig. 41: FEM simulation of the temperature distribution on
a localized annealed nickel micromechanical resonator:

in Section 4.2.2, but this time for a folded-beam resonator) with the addition of special electrodes
for localized annealing. A zoom-in SEM is also shown to better convey the surface roughness of

the structural material.
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Nickel pmechanical resonators have so far proven very useful for attaining a better understand-
ing of the physical mechanisms responsible for O degradation and resonance instability in micro-
scale mechanical resonators. In particular, freshly fabricated comb-transduced, folded-beam
nickel umechanical resonators seem to be more susceptible to contamination than their polysili-
con counterparts. This is supported by the observation that nickel puresonator performance can
consistently be improved via a set post-processing procedure involving localized annealing and
an effective “work hardening” procedure. Specifically, upon initial testing, approximately 50%
of freshly fabricated Ni presonators show inadequate O and stability, consistent with previous
versions of such resonators. It was discovered that a given resonator’s performance can be im-
proved by operating it for a half-hour period at a very high temperature, achieved using a local-
ized annealing procedure, in which voltages are applied across the resonator anchors, sending
currents through the structure that heat it to temperatures exceeding 886°C. Figure 41 presents
the temperature profile over a localized annealed Ni resonator with 1V applied between its an-
chors obtained via finite-element simulation (using ANSYS).

Figure 42 presents a plot of frequency versus time for two Ni pmechanical resonators, both
with O’s around 5,000 immediately after fabrication [27]. Of the two resonators, one is merely
operated right after fabrication, while the other is taken through a post-process step in which it is
operated for 1.5 hours while localized annealed to 886°C. After this post-process step, both reso-
nators are taken to 127°C, where the post-processed one clearly shows better frequency stability.
After operation at 127°C for a half hour, both resonators are taken down to 47°C, where again the
annealed resonator exhibits much better stability. The Q of the annealed resonator is also now
13,297. Fig. 43 presents measured frequency characteristics for the nickel resonator before and
after localized anneal-based post-processing, clearly showing the Q increase (along with a fre-
quency decrease). The Q and stability enhancements of Fig. 43 were repeatable for all Ni
uresonators that exhibited low Q right after fabrication.

Once enhanced, presonator Q’s remain 78.0
high as long as they are kept in a con- 77.9 temperatyre I:’a::::l‘“
trolled, vacuum environment. When re- _ 778 If VAT
moved from vacuum and exposed to less 3::77.7 886°C /s ~57Hz
controlled environments, resonators often =776 | ~47Hz ==
again exhibit low O when returned to vac- § —_ 4
uum (although not as low as their values 3—77'4
. . . . (3} .
right after fabrication), but in most cases e s oo aniing DRz N
could again be taken back to high Q’s via ' rborature

. . 77.2 reach 320K total variation erature

another localized annealing step. o B G-5,000 o 0r13.000

To quantify these findings, the effect 0 50 o 100 150 200
of humidity on device operation was in- _ _ime [min] .

ticated as foll . Fig. 42: Frequency versus time plot summarizing the pro
vesligaled as 1ollows. cedure used to enhance the Q and frequency stability of

(i) In situ anneal a device in vacuum a nickel micromechanical resonator.

to achieve good stability and high

0;

(i1) place the device in a humidity chamber for a specified length of time and at specific
values of percent humidity and temperature;

(iii)return the device to vacuum and test immediately without any annealing, determining
the frequency, O, and stability, if possible; and
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(iv)in situ anneal the device and again determine frequency, O, and stability.

The above procedure was applied to several -14.0 ; 4 Ator ; ™

nickel presonators under a variety of humid- -18.0 'l Annealing Before

ities and exposure times, and at chamber 220 II-' '|| (Q=13,297) zg‘:g' %lag%

temperatures of 27°C and 50°C. Table I pre- @ o I / i R

sents a subset of the results obtained at 50°C, ‘g’ h,

plus results obtained under less controlled, 3 300 L,

but more natural, environments. The major §'34-0: l‘qm ]

observations over the course of these experi- < -38.0f A Py

ments can be summarized as follows: 420 N A{*‘JL WJi
(1) Although all devices were designed -46.00 |

to be identical, a rather large spread 83.55  83.60 F?ﬁffencgs}'zng 8375 8380

in frequencies is seen (~13%), about  Fig. 43: Measured spectra for a nickel micromechanical
30X higher than observed for resonator operated at a pressure of 30 pTorr and a tem

.1 perature of 47° C before and after localized annealing.
polysilicon counterparts.

(2) None of the environmental exposures
noticeably affected the drift stability of any of the devices once returned to and oper-
ated in vacuum.

(3) Exposures at 27°C had no effect on any devices, even at 90% humidity for 90 min.

(4) Resonators exposed to environments with lower humidity-time totals at 50°C (e.g.,
cases 4, 6) were unaffected in both Q and stability.

(5) For larger humidity-time totals (e.g., cases 1, 2, 3, 5) resonator Q’s were degraded,
some so severely that they could not be operated after exposure. In situ localized an-
nealing was able to recover original O’s in all cases, except 1 and 3.

(6) O’s were recovered instantly by annealing alone (i.e., in sifu not required).

(7) Under particularly severe conditions (e.g., 1), in situ annealing could not recover the
original Q.

(8) For most cases in Table I, the frequency increases after exposure to humidity.

One possible explanation for observation (8) is mass removal by either (i) corrosion; or (ii)
cleaning of device surfaces, both enabled via exposure to humid environments and accelerated
by annealing.

Observation (2) seems to preclude a wet contaminant removal based mechanism for stability
enhancement, supporting instead a mechanism where the combined operation (i.e. “working”)
and annealing of a nickel presonator serve to redistribute or eradicate defects from the material
towards a more relaxed, stable, and higher Q state.

Observation (6) gives evidence that before annealing, the O-degradation in the Ni-plated devices
of this work is dominated by surface contamination, which is removed by high temperature an-
nealing to achieve higher Q’s. Once contaminants are removed, structural defects or internal
stress fields take over as dominant loss mechanisms (best removed via in situ annealing). In addi-
tion, the fact that the O of already annealed devices changes only when subjected to the rather
high humidity-time totals of cases 1 and 3 in Table I, but not for others, gives some evidence that
localized annealing under controlled environments may even also serve to passivate device sur-
faces against further contaminant-based Q-degradation.
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4.3.  Micromechanical Signal Processor Circuit Design and Demonstration

Arguably, the activity with the farthest reaching impact developed under this grant has been
the demonstration of the first micromechanical signal processing circuits with performances that
equal or better the performances of off-chip macroscopic acoustic resonator circuits, and the
demonstration of the first micromechanical mixer-filter (“mixler”) devices, all of which have po-
tentially revolutionary impact on future communication transceivers.

Table I: Environmental O-Degradation and Anneal-Activated Restoration

Before Exposure || After Exposure Annealing After Annealing
No. Environments Techniques
S [Hz] Q || f[Hz | Q (Time[min]) || f Mzl | Q
1 50°C /90% humidity / 90min 79,524 | 7,695 || 87,174 | 3,920 in situ (10) 87,176 | 4,198
2 50°C/ 90% humidity / 15min 76,436 7,269 no resonance static (0.2) 76,501 | 7,235
3 50°C / 80% humidity / 90min 81,016 | 6,688 || 91,476 | 2,179 in situ (10) 91,504 | 2,600
4 50°C / 80% humidity / 15min 88,392 | 8,302 || 88,511 | 8,475 n/a n/a n/a
5 50°C / 70% humidity / 90min 77,101 | 7,042 || 78,333 | 4,061 in situ (10) 77,133 | 7,269
6 50°C / 70% humidity / 60min 77,038 | 7,081 || 77,101 | 7,042 n/a n/a n/a
7 on an outside tree / 3 days 72,923 6,706 no resonance in situ (20) 73,031 | 6,318
8 under a stairway / 3 days 82,768 6,941 no resonance in situ (8) 83,790 | 7,418
9 inside EECS Building / 3 days 85,679 | 7,348 || 85,442 | 6,417 in situ (13) 85,664 | 7,252
4.3.1. Micromechanical Filters
The measured spectrum of Fig. 7 represents
the frequency characteristic for a second-order,

single-pole, bandpass filter centered at 8.5 MHz.
Although useful for some applications, such as
pilot tone filtering in mobile phones, second-order
filter characteristics are generally inadequate for
the majority of communications applications.
Rather, bandpass filters such as depicted generi-
cally in Fig. 3 are required, with flatter passbands,
sharper roll-offs, and greater stopband rejections.

To achieve the characteristic of Fig. 3, a num- x -
ber of micromechanical resonators are coupled Fig 44: (a) Equivalent lumped parameter mechanical cir
cuit for a mechanical filter (b) Corresponding equivalent

together by soft coupling springs [15], [14], [33], LCR network.
as illustrated schematically in Fig. 44(a) using y y ~
ideal mass-spring-damper elements. By linking W @@ Ik @

resonators together wusing (ideally) massless ‘ X

Fq

that now exhibits several modes of vibration. As M

springs, a coupled resonator system is achieved
Frequency >

illustrated in Fig. 45 for the coupled three-
resonator system of Fig. 44, the frequency of each  Fig.1> aMngiiesﬁag’(frsr;’si‘j)fl%riffg‘rgzgﬁzgynggl‘(’?eChanical

vibration mode corresponds to a distinct peak in

the force-to-displacement frequency characteris-

tic, and to a distinct, physical mode shape of the coupled mechanical resonator system. In the
lowest frequency mode, all resonators vibrate in phase; in the middle frequency mode, the center
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resonator ideally remains motionless, while the end resonators vibrate 180° out of phase; and fi-
nally, in the highest frequency mode, each resonator is phase-shifted 180° from its adjacent
neighbor. Without additional electronics, the complete mechanical filter exhibits the jagged
passband seen in Fig. 45. As will be shown, termination resistors designed to lower the Q’s of
the input and output resonators by specific amounts are required to flatten the passband and
achieve a more recognizable filter characteristic, such as in Fig. 3.

In practical implementations, because planar IC processes typically exhibit substantially bet-
ter matching tolerances than absolute, the constituent resonators in pmechanical filters are nor-
mally designed to be identical, with identical dimensions and resonance frequencies. For such
designs, the center frequency of the overall filter is equal to the resonance frequency f, of the res-
onators, while the filter passband (i.e., the bandwidth) is determined by the spacings between the
mode peaks.

The relative placement of the vibration peaks in the frequency characteristic—and thus, the
passband of the eventual filter—is determined primarily by the stiffnesses of the coupling
springs (k) and of the constituent resonators at the coupling locations (k). Specifically, for a
filter with center frequency f, and bandwidth B, these stiffnesses must satisfy the expression [33]

(L] ks
o[t ®

where £;j is a normalized coupling coefficient found in filter cookbooks [16]. Note from (9) that
filter bandwidth is not dependent on the absolute values of resonator and coupling beam stift-
ness; rather, their ratio kg/k; dictates bandwidth. Thus, the procedure for designing a mechanical
filter involves two main steps: first, design of a mechanical resonator with resonance frequency
f, and adjustable stiffness k,; and second, design of coupling springs with appropriate values of
stiffness k; to enable a desired bandwidth within the adjustment range of resonator £,’s.

To take advantage of the maturity of LC ladder filter synthesis techniques, the enormous da-
tabase governing LC ladder filter implementations [16] and the wide availability of electrical cir-
cuit simulators, realization of the pmechanical filter of Fig. 44(a) often also involves the design
of an LC ladder version to fit the desired specification. The elements in the LC ladder design are
then matched to lumped mechanical equivalents via electromechanical analogy, where induc-
tance, capacitance, and resistance in the electrical domain equate to mass, compliance, and
damping, respectively, in the mechanical domain. Figure 44(b) explicitly depicts the equivalence
between the filter’s lumped mass-spring-damper circuit and its electrical equivalent circuit. As
shown, for this particular electromechanical analogy (the current analogy), each constituent
resonator corresponds to a series LCR tank, while each (massless) coupling spring ideally corre-
sponds to a shunt capacitor, with the whole coupled network corresponding to an LC ladder
bandpass filter.

4.3.2. A Two-Resonator, Tunable, Switchable, VHF Micromechanical Filter

Figure 46 shows the perspective-view schematic of a practical two-resonator micromechani-
cal filter [15], [14], capable of operation in the HF to VHF range. As shown, the filter consists of
two pumechanical clamped-clamped beam resonators, coupled mechanically by a soft spring, all
suspended 0.1 pm above the substrate. Conductive (polysilicon) strips underlie each resonator,
the center ones serving as capacitive transducer electrodes positioned to induce resonator vibra-
tion in a direction perpendicular to the substrate, the flanking ones serving as tuning electrodes
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capable of voltage-controlled tuning of resonator frequencies. The resonator-to-electrode gaps
are determined by the thickness of a sacrificial oxide spacer during fabrication and can thus be
made quite small (e.g., 0.1 um or less) to maximize electromechanical coupling.

Under normal operation, the device is excited capacitively by a signal voltage v; applied to
the input electrode through the termination resistor Rpi, which controls the O of the input resona-
tor to achieve a flat passband. The output is taken at the other end of the structure, also via ca-
pacitive transduction. Upon application of an input v; with suitable frequency, the constituent
resonators begin to vibrate in one or more flexural modes in a direction perpendicular to the sub-
strate. For a properly designed mechanical filter, if the excitation voltage has a frequency within
the passband, both resonators will vibrate. Vibration of the output resonator then couples to the
output electrode, providing an output current i,,. The current iy, is then directed to resistor Rqp,
which provides the proper termination impedance for the pmechanical filter and converts iy, to a
proper output voltage v,.

Input Resonator Coupling R Output
esonator
Resonatqr Spring Resonatc_)r
Fnl'Eelq. rugmg Input Anchor Freq. Pulling
ectrode w
Electrode \- \ L, —™ |<— ”_>|—t___h Electrode
01 5 //‘ A T Output
'/ Electrode

—%
[ Electrode-to-
V/» e Resonator

Im ‘.
(b) Im ¢ VK m ( & -k, c Vkom

=

Fig. 46: (a) Perspective-view schematic of a two-resonator VHF pmechanical filter with typical bias, excitation,
and signal conditioning electronics. (b) Electrical equivalent circuit for the filter in (a). Here, m, k,and c
denote the mass, stif fness, and dampmg of the (identical) resonators at the drive electrode locatlons and !
n=v, (0Clox) and n (k /k )™ are turns ratios modeling electromechanical coupling at the inputs and
miechanical impedancé trafisformations at low velocity coupling locations.

In effect, the operation of the above filter can be briefly summarized as follows:

(1) An electrical input signal is applied to the input port and converted to an input force by the
electromechanical transducer (which for the case of Fig. 46(a) is capacitive) that can then in-
duce mechanical vibration in the x direction;

(2) mechanical vibration comprises a mechanical signal that is processed in the mechanical do-
main—specifically, the signal is rejected if outside the passband of the filter, and passed if
within the passband; and
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(3) the mechanically processed signal appears as motion of the output resonator and is re-
converted to electrical energy at the output transducer, ready for processing by subsequent
transceiver stages.

As can be surmised from Fig. 44(b), the network topologies for the mechanical filters of this
work differ very little from those of their purely electronic counterparts, and in principal, can be
designed at the system-level via a procedure derived from well-known, coupled resonator ladder
filter synthesis techniques. In particular, given the equivalent LCR element values for a prototype
pmechanical resonator, it is possible to synthesize a mechanical filter entirely in the electrical
domain, converting to the mechanical domain only as the last step. However, although possible,
such a procedure is not recommended, since knowledge and ease of design in both electrical and
mechanical domains can greatly reduce the effort required.

The design procedure for the two-resonator micromechanical filter of this work can be item-
ized as follows:

(1) Design and establish the umechanical resonator prototype to be used, choosing necessary
geometries for the needed frequency and insuring that enough electrode-to-resonator trans-
ducer coupling is provided to allow for predetermined termination resistor values. With pre-
determined values of W,, h, W., Vp, and Ry, this amounts to solving for the resonator length
L, and electrode-to-resonator gap spacing d that simultaneously satisfy the frequency equa-
tion and the equation for the needed termination resistor [15]:

Ry, =| o1& o| Lo _ig,, (10)
qn Q fitr ne qn Q flitr

where Qs is the uncontrolled quality factor of the constituent resonators, Oy = fo/B, n refers
to the port in question, g, is a normalized g parameter obtained from a filter cookbook [16],
¢, and 7. are defined in the caption of Fig. 46(b), and R, is the series motional resistance of
an end resonator.

(2) Choose a manufacturable value of coupling beam width W, and design coupling beam(s)
corresponding to a “quarter-wavelength” of the filter center frequency. Here, the coupling
beam is recognized as an acoustic transmission line that can be made transparent to the filter
when designed with quarter-wavelength dimensions [15]. For a flexural-mode coupling
beam, neglecting rotational movements at the resonator attachment points, quarter-
wavelength dimensions are achieved when W and L, are chosen to satisfy the expression
[15]

H6 =sinhacosa +coshasina =0, (11)

where o=L(pWho*/(EL))"*, I=W’/12, and needed dimensions are given in Fig. 46(a).
Note that in choosing W and L, to satisfy (11), the coupling beam stiffness £;;, is constrained
to a particular value, given by [15]

B Elsa3(sina + sinha)

kg, = . 12
o L (cosacosha —1) (12)

Note that this also constrains the ability to set the bandwidth of the filter via the coupling
beam dimensions, and thus, necessitates an alternative method for setting bandwidth.
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(3) Determine the coupling loca-
tion(s) on the resonators corre-
sponding to the filter bandwidth
of interest. This procedure is
based upon two important prop-

o ¥
erties of this filter and the reso- [ e
()

nators COD’lPI‘lSlng .lt: FlI‘St,' the (b) Low Velocity Coupling: allows much smaller % bandwidth
filter bandwidth B is determined Velocity = 0.81 m/s [ m_=1.48 x 10" kg; k = 286,064 N/m

not by absolute values of stiff- (f, 570MHz, V=3V, d=200A)

ness, but rather by a ratio of .
RQZ ﬂ
i ®

stiffnesses (k;12/k,); and second,

the value of resonator stiffness %,

varies with lo‘fatlon (in particu- Fig. 47: Filter schematics showing (a) maximum velocity coupling
lar, with velocity) and so can be to yield a large percent bandwidth and (b) low velocity coupling
set to a desired value by simply to yield a smaller percent bandwidth.

choosing an appropriate cou-

pling beam attachment point. Specifically, the resonator stiffness k, can be expressed as [15]

kr(y):wozmr(y)ﬁ (13)
where ®, is the radian resonance frequency, m, is effective mass as a function of location
given by

m. ()= AL X dy

[x(»)f

and where p is the density of the structural material, £ = 4.73/L, and 5,=0.9825 for the
fundamental mode, and dimensions are indicated in Fig. 7. Figure 47 illustrates how the
choice of coupling beam attachment point can greatly influence the bandwidth of a mechani-
cal filter. In Fig. 47(a), the coupling beam is attached at the highest velocity point, where the
resonator presents its smallest stiffness, resulting in a very wide filter bandwidth. On the
other hand, Fig. 47(b) depicts coupling at a lower velocity point closer to the resonator an-
chors, where the resonator presents a much higher stiffness, leading to a much smaller per-
cent bandwidth, as dictated by (9). In effect, the bandwidth of the filter is set not by choosing
the coupling beam stiffness k;i2, but rather by choosing an appropriate value of resonator
stiffness &, to satisfy (9), given a k> constrained by quarter-wavelength design.

(4) Generate a complete equivalent circuit for the overall filter and verify the design using a cir-
cuit simulator. Figure 46(b) presents the equivalent circuit for a two-resonator microme-
chanical filter along with equations for the elements.

(a) Max. Velocity Coupling: yields large % bandwidth
Velocity = 2.1 m/s [ m =235x10" kg; k =43,511 N/m
(f =70MHz, V, =3V, d=200A)

=z Z

whereX(y)=(cosky —coshky)— &, (sin ky —sinh ky), (14)
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Through the electrical spring stiffness k., the resonance frequency of this device is tunable
via adjustment of the dc-bias voltage Vp, and this can be used advantageously to implement fil-
ters with tunable center frequencies, or to correct for passband distortion caused by finite planar
fabrication tolerances. This, combined with the switchability attained by merely switching the
dc-bias voltage Vp on or off, makes the micromechanical filter of Fig. 46 nearly ideal for the RF
channel-select architecture of Fig. 85 (to be described). The switching nature of this device can
actually be further exploited to implement a combined mixing and gain function in this same de-
vice. In particular, by introducing a local oscillator signal into the bias voltage of the input reso-
nator, the square law voltage-to-force transfer function in the input transducer can be harnessed
for both mixing and parametric gain. Using this principle, mixing, filtering, and gain in a single
micromechanical device was recently demonstrated [34].

The SEM for a 34.5 MHz, two-
resonator, low-velocity coupled microme-
chanical filter constructed of phosphorous-
doped polysilicon is shown in Fig. 48
along with relevant design dimensions.
The measured transmission spectrum for
an L,/8-coupled version of this filter
achieved with V=15V and Rp,=2kQis
presented in Fig. 49. As shown, a percent
bandwidth of 1.3% was achieved with an
associated insertion loss of less than 2 dB
at its peak, and a stopband rejection ex-
ceeding 20 dB. With the use of additional
resonators, even better performance is
achievable, with sharper roll-offs (i.e.,
smaller shape factors) and larger stopband
rejections [14].

4.3.3. High-Order Micromechanical Fil-
ters

The described two-resonator filters, al-
though useful in many instruments, lack
the required passband-to-stopband roll-off
steepness for use in the majority of com-
munications applications. To achieve
steeper roll-offs, higher filter order is re-
quired, which in turn requires the use of
more resonators. For the case of the me-
chanical filters of interest, filter order is
equivalent to two times the number of
resonators used.

DC Bias/Annealing
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Fig. 48: SEM of a 34.5 MHz switchable, tunable, pumechan

ical filter with important dimensions.
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Fig. 49: Measured transmission spectrum for a VHF two-
resonator micromechanical filter , such as shown in
Fig. 48.
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For the purpose of dem- Quiput Comb
onstration, higher order three- Freaweny T uning [
resonator filters were de-
signed using more conserva- = , _4 _____
tive folded-beam, capacitive- o Y= =W
comb transduced resonators. 7
As previously mentioned, /= /T S M T, <
such resonators are not opti- . v /ﬁ,;/;;;
mized for high frequency op- |nputComb |
eration. However, they are Transducers
advantageous for research

Coupling Beams 3rd Resonator

Anchors

purposes, since control and = m, OO0 m OO0 m, 000

operation of these classic /UZ@' / \ ED
. R k Zj(szj

resonators is facilitated by the ! k| 5 HE % k| s

availability of direct visual , o 2 ) ,

b ti Furth it Fig. 50: Perspective view schematic of the designed three-resonator micro
observa 10n urthermore, 1 mechanical filter, showing the equivalence to a lumped mass-spring-
was anticipated (correctly) damper mechanical circuit.

that filters with more than

two resonators are substantially more difficult to demonstrate, since they are much more suscep-
tible to fabrication mismatch tolerances and electrical parasitics than are two-resonator filters.
Given this sensitivity to electrical parasitics, and given that board-level sense electronics were
being used for this first demonstration, lower operation frequency was a welcome simplification.

Figure 50 presents a perspective view schematic of the designed three-resonator filter [14],
explicitly depicting its lumped mass-spring-damper equivalent circuit. As previously mentioned,
folded-beam comb-driven resonators are utilized, coupled at their folding-trusses by flexural
mode beams. Coupling is done at the folding-trusses to take advantage of the lower resonance
velocity at these locations, which relaxes requirements on coupling beam dimensions for filters
with very small percent bandwidth [14]. Also, as shown in Fig. 50, all resonators in this design
are also equipped with parallel-plate frequency tuning electrodes, which allow the passband to be
corrected by adjustment of dc-bias voltages, in the event of substantial post-fabrication resona-
tor-to-resonator frequency mismatch [14].

Three-resonator filters using the design of Fig. 50 were fabricated using a polysilicon surface
micromachining process, in which the structural material was doped via phosphorous implanta-
tion. Wide-view and close-in scanning electron micrographs of a fabricated three-resonator filter
are presented in Fig. 51. Figure 52 shows the measured spectrum for this filter, indicating a cen-
ter frequency of 360 kHz with a bandwidth of 450 Hz, more than 48 dB of stopband rejection,
and an impressive insertion loss (for this 0.125% bandwidth filter) of only 0.8dB. All things
equivalent, this performance (particularly insertion loss) rivals or betters that of crystal filters,
which are some of best filters currently available (but also some of the bulkiest).

It should be noted that a significant amount of passband tuning was required for this particu-
lar filter. Although the degree of tuning necessary was consistent with the matching tolerances
available in our research laboratory, it is expected that some amount of frequency trimming or
tuning will still be beneficial for better-controlled production line filters, as even small resonator-
to-resonator mismatches can generate passband distortion in filters with extremely small percent
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bandwidth. A frequency trimming
technique suited for this was de-
scribed in Section 4.2.3 of this report.

4.3.4. Parallel Microresonator Fil-
ters

With the recognition that trim-
ming or tuning will probably be nec-
essary anyway for small percent
bandwidth filters, we also investi-
gated an alternative filter architec-
ture, in which parallel resonators are
coupled electrically, rather than me-
chanically. By dispensing with rigid
mechanical spring coupling, this par-
allel-resonator filter architecture both
alleviates fabrication complexity as-
sociated with coupling springs
(which can require submicron resolu-
tion for small filter bandwidths), and
introduces real-time reconfigurability

|

and bandwidth-tuning capabilities Fig. 51: Wide-view and close-in SEM’s of a fabricated three-reso

previously unavailable with spring-

coupled architectures. Figure 53 pre-

sents a schematic diagram depicting this
parallel resonator filter architecture, along
with the bias and excitation scheme used
to operate the filter [36]. As shown, a dc
bias potential Vp is applied to the resona-
tor and ac voltage inputs of opposite po-
larity are applied to each of the underlying
resonator electrodes. A dc voltage Vs is
also added to one of the inputs. The dc
bias Vp serves to enhance force compo-
nents at the frequency of the excitation
signal and to provide an output current
when the beam vibrates. V4 serves to
electrostatically tune the frequency of one
of the resonators, thus tuning the fre-
quency difference between the constituent
resonators. Such tuning is made possible
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Fig. 52: Measured frequency spectrum for the filter of
Fig. 51.

by the nonlinear dependence of resonator-to-electrode capacitance on displacement, and is gov-

erned via the expression [36]
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where f, is the initial beam resonance frequency, f,' is the adjusted resonance frequency, £; is the
effective spring constant of the beam, C,, is the static resonator-to-electrode capacitance at elec-
trode n, and d is the resonator-to-electrode gap spacing. For the filter of this work, 3.3% fre-
quency tuning was feasible over a 2 V change in V.

When the frequency of the ac
input signal enters the passband of
one or both of the constituent
resonators, the resonator(s) vi-
brate in a direction perpendicular
to the substrate, creating dc-
biased time varying capacitors
between the resonators and their
respective underlying electrodes.
Currents are thus generated be-
tween the electrodes and resona- :)@

1

Sense Electrode

tors, given by ix,=Vpn(0C,/01),

1 - x2
where Vpy is the do VOltage be Fig. 53: Schematic of a parallel-resonator filter , indicating the
tween resonator and electrode at required bias and excitation scheme, and identifying key
port n, and C, is the electrode-to- components.

resonator overlap capacitance at
port n. The output currents from the constituent resonators are then summed into O-control resis-
tor Rp, then buffered to an output voltage.

As before, the mechanical resonators comprising the filter can be modelled in the electrical
domain via electromechanical analogy, where each mechanical resonator corresponds to an
equivalent series LCR circuit. The equivalent circuit representing the filter and electrode con-
figuration is also shown in Fig. 53, along with equations for the elements. Using this circuit in
combination with Fig. 53, the filter is seen to operate via combination of the properly phased cur-
rent outputs of the individual resonators. As shown in Fig. 54, inputs v; at frequencies between
the resonances of the microresonators generate output currents that are in phase, and thus, add,
creating a flat passband in this frequency range. Those at frequencies outside this interval gener-
ate output currents 180° out of phase, which subtract to provide a steeper roll-off and improved
stopband rejection. As shown, a two-resonator filter made in this manner provides a fourth order
bandpass characteristic. Higher order filters, with sharper roll-offs and larger stopband rejections,
can also be implemented using the same principles with a larger number of micromechanical
resonators.

The bandwidth and ripple of the prototype fourth order filter is determined by the frequency
separation Af of the constituent resonators and their quality factor Q. The frequency separation Af’
can be controlled via V4 as governed by (15), while the Q of the constituent resonators is con-
trollable through the resistor Rq in Fig. 53. Thus, by adjusting these two variables, a wide variety
of bandwidths are possible, and adaptive filters should be achievable through intelligent cir-

cuitry. For a maximally flat passband (i.e., a Butterworth characteristic), Af'and Q should be cho-
sen such that

Q=--", (16)
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where f; is the center frequency of the
filter.

An HF version of this filter was im-
plemented by combining the outputs of
two stand-alone resonators fabricated
on the same die as the filter of Fig. 7.

Resonator 1 ' ' Resonator 2
aﬂ /

2
E=)
TTTTTTTI

Using the set-up of Fig. 53 in our cus- = ; 7807 ouToT phase
tom vacuum chamber, filter characteris- |y Rk |
9 Kt Resonator 1

tics were obtained, and are shown in
Fig. 55. Here, the filter is seen to be
centered at 14.5 MHz with a bandwidth
of 12 kHz, corresponding to an overall Frequency [MHz]

filter O of 1’208' The insertion loss of Fig. 54: Bode plot depiction of the mechanism behind parallel
about 13 dB is caused by two sources: microresonator bandpass filters.

(1) low resonator Q; and (2) off-chip,
board-level parasitic capacitance, which
causes phase lag in the individual resonator
responses, consequent passband distortion,
and insertion loss after passband correction.
The QO of the individual resonators was only
2,000 due to the use of boron source doping,
which pitted the surface of polysilicon struc-
tural material, probably degrading the Q. The
parasitic capacitances can be greatly reduced
via full integration or an on-chip bonding ap-
proach. However, the observation still re-
mains that these parallel-resonator filters, al-
though more tunable, seem to be more sus-
ceptible to electrical parasitics than their 1 ! 1 !
spring-coupled counterparts. 1452 1454 1456 1458
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4.3.5. “]”l,cromic’lanwal Mixer-Filters Fig. 55: Measwred frequency spectrum for a 15 MHz par-
(“Mixlers”) allel-resonator filter.

Beyond frequency filters, this grant demonstrated that micromechanical circuits can do much
more than linear signal processing, and that nonlinear functions were also within the realm of
possibilities. One major and potentially revolutionary accomplishment over the course of this
grant was the demonstration of a mixer-filter device, that performs both low-loss frequency
translation (i.e., mixing) and highly selective filtering of applied electrical input signals, all
achieved using a passive micromechanical filter structure [34]. In particular, successful down-
conversion of radio frequency (RF) signals from 50-200 MHz and subsequent filtering at a
34.5 MHz intermediate frequency (IF) with less than 5 dB of combined mixing conversion and
filter insertion loss is demonstrated using this single, micromechanical device. Such a device can
potentially replace both the filtering and mixing functions in heterodyning wireless communica-
tion transceivers (as shown in Figure 56), reducing both size (by orders of magnitude) and power
dissipation over the off-chip macroscopic counterparts often used in current systems.
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Figure 57(a) presents the perspective-view schematic of the mixer-filter, indicating important
components and specifying the needed excitation configuration. As shown, this device is com-
prised of a frequency-tunable spring coupled micromechanical filter [13] with center frequency
fir and with very specific input placements: a local oscillator input v, with frequency f;0 applied
to the input resonator; an information (or RF) input vgr with frequency frr=firtf10 (consistent
with actual inputs to communication transceivers) applied to the terminated input electrode; and
one or more dc-biases Vp,’s applied to the filter structure. Even though none of the applied sig-
nals shown in Figure 57(a) is within the passband of the micromechanical filter, a force compo-
nent within the filter passband still arises at the input due to quadratic nonlinearity in the voltage-
to-force capacitive input transducer. Specifically, this force F; is given by:

1 oC. 1 oC.
E :_E(VP +V,0 —vRF)Z(aQ /6x):...+vLOVRFE’ +...=.. .+5‘VL0"VRF|§COia)RF —a)w)t+. .17

where Vp is the applied dc-bias, v;o is the local oscillator signal, vgr is the input RF signal, dC/
dx is the incremental change in beam-to-input electrode capacitance, and where the mixed com-
ponent of interest has been singled out. The frequency of the force falls within the filter passband
when frr=f10tfir, at which point vibration is induced in the micromechanical filter section, and a
subsequent filtered signal is generated by the dc-biased, time varying capacitor at the output
transducer. Note from (17) that gain is also possible via this device if the amplitude of the local
oscillator |vzo| is chosen sufficiently large. A parametric amplification is in fact attained in this
fashion, where ac (rather than dc) power is used to obtain gain. Thus, if designed correctly, the
overall micromechanical filter device can serve a combined mixer-filter-gain function, replacing
all three of these components in each down-conversion step within a super-heterodyne receiver.

Figure 58 shows SEM’s of the 34.5 MHz two-resonator filter used to demonstrate the
mixer-+filter function, with appropriate dimensions indicated in Table II. The experimental set-up
used to evaluate the performance of this device is depicted schematically in Figure 59. Here, a
15 MHz local oscillator and input signals around 50 MHz are supplied by two function genera-
tors, and a spectrum analyzer is used to sense the output signal at the IF frequency (i.e, the filter
passband frequency, centered around 34.5 MHz). Figure 60 shows the spectrum obtained when
sweeping the RF input vgr over a 47 MHz to 55 MHz frequency range while detecting and hold-
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Fig. 58: SEM’s of the 34.5MHz micromechanical mixer-+filter:
(a) Top perspective view. (b) Low angle view . Dimensions
for the indicated geometries are given in Table I1.
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Fig. 59: Experimental set-up for mixer+filter evaluation.
Fig. 60: Spectrum obtained when sweeping the RF input v over -40 + + ;
a 47MHz to 55MHz frequency range while detecting and hold 14 i a3 Az 43
ing outputs (using the MAX HOLD function on an HP 8561E
Spectrum Analyzer) over a I5MHz to 55MHz range. Note that Frequency [MHz]

some peaking is seen in the filter spectrum, because the micro
mechanical filter is not terminated exactly. A flatter spectrum is
achievable with proper termination.

ing outputs (using the MAX HOLD function on an HP 8561E Spectrum Analyzer) over a

15 MHz to 55 MHz range. This procedure allows measurement of a network spectrum using an
input signal at a different frequency from the sensed signal and clearly shows the “max held” RF
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input trace (47-55 MHz) and the resulting filter response trace at the IF frequency (34.5 MHz),
indicating down-conversion of inputs from RF to IF. RF inputs as high as 200 MHz (limited only
by our function generators) have also been down-converted, and theory predicts successful mix-
ing for RF input frequencies past 20 GHz.

4.4. Other RF MEMS Devices

Although the focus of this work was on vibrating RF MEMS devices, some work was also
done on micromechanical tunable capacitors over the course of this grant. In particular, a high-Q,
tunable, micromechanical capacitor has been realized using an IC-compatible, electroplated-
metal, surface-micromachining technology and demonstrated with quality (Q-) factors in excess
of 290—the highest reported to date for on-chip tunable capacitors at frequencies near 1 GHz
[35]. The key feature in this design that makes possible such high on-chip Q is the method for
capacitive tuning, which in this design is based on moving the dielectric between the capacitor
plates, rather than moving the plates themselves, as done in previous designs. One version of this
design achieves a measured Q of 291 at 1 GHz (C=1.21pF) with a tuning range of 7.7% over
10V of control voltage, and an expected self-resonant frequency (SRF) of 19GHz. In another de-
sign, with a wider tuning range of 40% over 10V, a Q of 218 is achieved at 1 GHz (C=1.14pF).

Figu.re 61‘presents congeptual and {a) ;7 Red Top Flate [2
perspective-view schematics of the k &ﬂﬁﬁlﬁ iy Hossssvrerosaals 1
new tunable capacitor design, identi- = ] T F 'lfu £ I
fying key components and specifying ¥ spiifg g et - o |
a preferred actuation voltage configu- e
ration. As shown, the structure fea- * L *
tures a bottom capacitor plate fixed to (B} To -“-l'ﬂf__!;ﬂr "-"'-"’fm':_t_-“-"l!-f Spring
the substrate, and a top capacitor plate To Brchor
suspended above the former, but rig- / = N s

idly anchored to the substrate, and un-
able to move. Both plates are con-
structed of copper (Cu) to minimize
their total series resistance, and thus
maximize the device Q. A dielectric | Eicttorn Pl ate
slab is suspended between the two Fig 61: Micromachined tunable capacitor . (a) Conceptual sche
plates and anchored to the substrate matic. (b) Actual structure designed with a lateral spring.
outside the two plates via spring struc-

tures. This dielectric is free to move, and can be electrostatically displaced to alter either the
overlap between it and the capacitor plates, or the fringing fields between them. In the former
case, when a DC bias is applied between the two plates, the charges on the capacitor plates exert
an electrostatic force on the induced charges in the dielectric to pull the dielectric into the gap, as
shown in Fig. 61(a). The waffle shape of the structure shown in Fig. 61(b) (also in Fig. 63) is de-
signed to minimize the travel distance (or the needed voltage) required for a given change in ca-
pacitance, and to provide etchant access paths during a sacrificial-layer etching step in the
fabrication process.

Via use of a movable dielectric rather than a movable top capacitor plate (as done in previous
designs [37], [38]), the tunable micromechanical capacitor of this work benefits from the follow-
ing key advantages: (1) Unlike its predecessors, the top capacitor plate in this design need no
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longer be suspended by lengthy springs that
can add series resistance, and thus, lower the
Q. Instead, a very thick top plate can be used
without any suspension to lower series resis-
tance and greatly increase the Q. (2) The tun-
ing range in this design is set by the ratio of
the dielectric thickness to the capacitive plate
gap, and can be made quite large via proper
design, without concern for pull-down phe-
nomena that often limit previous movable-top-
plate designs [37]. (3) No top-to-bottom plate
electrical shortage can happen in this movable
dielectric design.

Figure 62 illustrates the fabrication process
used for this work. The process begins with
the thermal growth of 1um of SiO; to serve as
an isolation layer between eventual metal
structures and the silicon substrate. Next, the
bottom capacitor plate is formed by first
evaporating 300A/2000A of a Cr/ Cu seed
layer, then electroplating 5 um of copper (Cu)
(for which the sheet resistance = 4.2m€)/sq.).
3000A of nickel (Ni) is then electroplated
above the Cu (c.f., Fig. 62(a)) to serve as a
buffer layer to prevent Cu contamination of
etch chambers during subsequent RIE proc-
esses. Next, a 2000A aluminum (Al) sacrifi-
cial layer is evaporated and patterned to form
vias through which a subsequent PECVD ni-
tride dielectric film adheres to the underlying
Ni. The nitride film is patterned via RIE to
form the movable dielectric plate (c.f.,
Fig. 62(b)), then sub-
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Fig. 62: Simplified fabrication process for the tunable-dielectric
micromechanical capacitor.
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Fig. 63: SEM of a fabricated lateral spring movable-dielectric
micromechanical capacitor.

merged under09um of a [LIne: meanrured, 8ymbol:modelsed) Ohdeasured ohdodeled
. 1.8 600
second sacrificial Al film (=] . |
. 1.4 J4n0n = _
that defines the spacing Aateral Spring ,
between the dielectric 4 '® 1" = AL X S
= Modsl o - . |
platelancll the %/entual t(}),p Tl araedal {200 2 \ ‘||
meta pate. ue to the L et 2 1o 0. s j
valley-like  topography weBlar = - N o
amra prin '-._-_ !
between the fingers of T a w 3 i
the etched dielectric, the Frequency (G Hz) '. 'y |
deposmon of 09Hm of 1.E[Llnnan.mnaralur-an:l. S,mbol.modalaggu o . . ,,*‘/
Al actually results in only (b} e
1.4 400 P
a 0.3um gap between the ‘ Frequency (1B ta 8.0 GHz
top p]ate and the dielec- — 12} TR 200 & Fig 66: Smith chart showing measured and predicted
5 0lagane o.nEzzan o S parameters of the fabricated device with a lat
i Ua b " 2pn eral spring (OV bias).
’ 12BTpF g
tar L Fig. 65: Measured and circuit-modeled RF character
104 Blai istics of the fabricated device with a lateral spring
y.p LLateral Spring 1 (a) OV bias (b) 10V bias.
1] 1 2 2 4 B g

Frequency [GHz)



tric when the two are engaged.

After etching vias through the Al to define top plate anchors (c.f., Fig. 62(c)), the top plate is
formed by first evaporating a thin Cr/Cu seed layer, then electroplating Cu through a defining
photoresist mold to a thickness of 7um-—thick enough to insure that the top plate does not bend
under applied actuation voltages. Finally, the two Al sacrificial layers are selectively etched to
release the dielectric structure using a K3Fe(CN)s/NaOH solution, which attacks Al, but leaves
Cu and the nitride dielectric intact, yielding the final cross-section of Fig. 62(e). After release, a
critical point dryer is often used to dry the structure to prevent stiction [39]. Since all of the proc-
ess steps in this flow are done at < 200°C, this process should be amenable to post-IC integration
with transistor circuits.

VAN by charge [hel pad 1

To characterize device performance, RF — — 133} 14.8% Ghavge excl pad /
measurements from 0.6 to 6GHz were made using 2, .. |
an HP8753ES s-parameter network analyzer to- % /
gether with GSG-tipped Cascade Microtech mi- & LA ReatuTed Y/./*
crowave probes. Figures 65 and 66 present meas- & 22| I ="Taterd1 spring
ured and modeled data summarizing the RF per- 120t Pad (0.8533pFlingl. |
formance for the serpentine-spring device of N 2 4 g 2 10
Fig. 63, showing a very high Q of 291 at 1 GHz Applied Bias [V)

(121pF) with a tunjng bias of OV. Using the cir- Fig. 64: Measured capacitance versus actuation voltage of
. ’ . . the fabricated device with a lateral spring.
cuit model of Fig. 65 to extend its reactance plot,

the expected SRF for this device is 19GHz.
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Figure 64 plots the tuning range of the fabricated device,
which is smaller than expected by theory when assuming lateral
motion of the dielectric (i.e., motion parallel to the substrate). At
first, the smaller tuning range was attributed to frictional dragging
caused by the aforementioned film stress problem. However,
closer inspection of partial devices with flat dielectric plates (de-
posited under more optimal PECVD conditions) revealed that due ~Z
to a design oversight, vertical motion, rather than lateral, was ac- - vertical Spring.
tually easier to induce. In particular, the widths of the serpentine il S e
suspension beams ended up larger than their thicknesses due to  '°) ., — "7 R BT,

. . . . . . werHoal Bpring
stress-based PECVD limitations, making the vertical spring con- 2 M es ot red 4an
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rical dielectric-to-metal gaps above and below the dielectric plate I
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(shown in Fig. 62(e)), makes vertical motion more likely than lat- ppiva Bl ()
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In the meantime, although lateral motion was originally de-
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sired, Fig. 64 shows that vertical motion still offers a respectable amount of capacitance change
due to fringing fields between the asymmetrical metal-to-dielectric gaps. The layout for the tun-
able capacitor fabrication run actually included devices specifically designed to move vertically,
relying on only fringing fields to realize capacitance changes. Figure 67 shows the device struc-
ture, SEM, and measured RF performance for this vertically-designed device. In the design
stage, this device was not expected to perform as well as the lateral version. However, this de-
vice actually benefited from film stress, so was able to achieve a much wider tuning range, ap-
proaching 40%, with a quality factor of 218 at 1 GHz.

Again, the O’s measured for these movable-dielectric tunable pmechanical capacitors are the
highest reported for umechanical capacitors. Nevertheless, the O’s attainable by vibrating micro-
mechanical devices are still orders of magnitude higher than those posted by these tunable capac-
itors. Thus, given the importance of Q in determining the performance of communication appli-
cations, a vibrating micromechanical resonator will generally be a better resonator choice than an
LC tank using a tunable capacitor for wireless applications—even the tunable capacitor of this
work, which is one of the best available. It is for this reason that this grant focused mainly on
vibrating micromechanical resonators and mechanical circuits made from them.

4.5.  Integrated MEMS/Transistor Merging Technologies

The possibility of integration alongside integrated circuit transistors is among the most im-
portant potential benefits offered by vibrating RF MEMS technology. Given such a
MEMS/transistor merging technology, the single-chip transceiver implementation depicted in
Fig. 1 may soon become possible. When this grant began, technologies capable of integrating
MEMS with IC transistors were already in existence [40]-[45]. However, each had their defi-
ciencies for RF MEMS applications. For example, the BiMOSII process by Analog Devices [40]
suffers from excessive capacitance in its MEMS-to-transistor interconnects, which are realized
via diffused regions (with excessive diode capacitance to the substrate). Thus, although appropri-
ate for low frequency accelerometer and gyroscope applications, BIMOSII is not suitable for
high frequency RF MEMS applications. As another example, the MICS process [26], [42], [43],
developed by the PI of this grant, is also deficient, in that although it greatly reduces capacitance
in the MEMS-to-transistor interconnect, it does so using an unconventional tungsten metalliza-
tion, so is not usable by the mainstream IC industry.

Pursuant to attaining a more practical method for merging RF MEMS and IC transistor tech-
nologies, this grant investigated three different approaches to integration: one based on bulk sili-
con MEMS, one using nickel as a micromechanical structural material, and one based on a
bonded stamping technique.

4.5.1. High Aspect-Ratio Gaps and a Merged Single-Crystal Si/CMOS Process

A merged MEMS/transistor process technology [46] was demonstrated early in this grant that
used an in-house BiCMOS process and a high aspect-ratio ECR/ICP etch technology to achieve
sub-micron electrode-to-resonator gaps for lateral single-crystal silicon structures. This process
technology actually resulted as part of an effort to investigate single-crystal silicon as a structural
material for vibrating RF MEMS, with the main incentive being that single-crystal silicon was
expected to exhibit a higher intrinsic O and better aging stability than polysilicon. For the case of
0, single-crystal silicon resonators never achieved much higher Q than their polysilicon counter-
parts, mainly because anchor losses, not internal material losses, dominated the Q. In addition,
single-crystal silicon was not pursued even for aging purposes, mainly due to the decreased flexi-
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bility in arbitrarily positioning anchors for devices in single-crystal device processes. This de-
creased flexibility greatly restricted design freedoms for micromechanical filters, and as a result,
polysilicon was preferred over single-crystal silicon for the work of this grant.

Nevertheless, a useful single-crystal silicon MEMS/transistor merging process was still dem-
onstrated. An SEM showing a single-crystal umechanical resonator combined with BiCMOS
transistors is presented in Fig. 68. The micromechanical resonator in the figure is 11um-thick,
Spum-wide, and 500pm-long, with 3pum-wide comb fingers and 3pum-gaps between the fingers. Its
resonance frequency was measured to be 28.9kHz—a conservative value, but necessary for this
prototype process technology. The detection circuitry in Fig. 68 is transimpedance in nature, and
utilizes a 3pm-gate length BiCMOS =1
process, featuring two polysilicon lay- el M-- S DEteCt on Clrcmtry '
ers for poly-to-poly capacitors and a | =] ReSQﬁatGF !
single metal interconnect level. T

:

The fabrication sequence used to
attain the multi-technology system of
Fig. 68 is summarized in Fig.69. It be-
gins with a selective, deep boron diffu-
sion (Fig. 69(a) and (b)), the depth of
which determines the thicknesses of
the eventual micromechanical devices.
Allowable thicknesses are limited by

the maXImum pra?tlcal dep th Of a bo- Fig. 68: 30 kHz micrechanical resonator integted with BICMOS
ron source diffusion, which is about detection circuitry.

I5pm in our lab. After definition of bo- [ T
ron diffused “micromechanical areas”,
micromechanical processing is placed _
on hold, and conventional circuit proc- s

essing proceeds as usual (Fig. 69(c)). W
Note that virtually any silicon-based cir- ]
cuit process can be used here, making
this a generously modular process from
a circuit perspective. Upon completion Bl
of circuits, a low-temperature oxide — FEEEEEEE———— =
(LTO) is then blanket deposited "OEEP BDTISIN
(Fig. 69(d)) to serve as a passivation 7

layer for the circuits, intended to protect

them from subsequent micromechanical -
processing—in particular, from an im-  |EEEEE—————————
pending ethylenediamine pyrocatechol sTanpmRD CIRCUN PROCESS
(EDP) etch. After LTO deposition a e
nickel mask is then electroplated
through a photoresist mold to serve as
the etch mask during the dry etch that
defines  the  resonator  structure
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(Fig. 69(e)). This etch is performed via an inductively coupled high-density plasma (ICP) source
using 250W of source power and 70W of stage power at 5 mTorr with 20 sccm of Cl, flow and a
source-to-sample distance of 8§ cm. With these process parameters, very high aspect-ratios in sili-
con are achievable, and the silicon is etched down through the boron diffused layer until undoped
silicon is reached (Fig. 69(f)). Figure 70 presents an SEM showing 0.1 pm-gaps in 3.1 pm-thick,
released single-crystal silicon cantilevers, patterned using the above technique. The cantilevers
are 500 um-long and 2 um-wide, and were patterned using 80 W of ICP source power and 100
W of stage power at 1 mTorr, with 10 sccm of Cl,. Fig. 70 serves as clear evidence that sub-
micron lateral gaps in relatively thick micromechanical structural material can be obtained
through brute force sub-micron lithography and dry etching. (It should be noted that although e-
beam lithography was utilized to define sub-micron lateral gaps in this work, Intel and other
semiconductor manufacturers already have the ability to achieve 0.1um gaps via high throughput
optical lithography.

After patterning devices, the whole %\
wafer is then dipped in EDP, which
selectively etches undoped silicon
many times faster than boron doped
silicon, and thus, undercuts and re- \
leases the boron-doped micromechani- % \ \ '
cal structures (Fig. 69(g)). The nickel
mask is removed in the last process
step.

The functionality of MOS transis-
tors achieved via this process has been
verified via numerous measurements
on HP4145B Semiconductor Parame-
ter Analyzers. The results were shown Fig. 70: SEM showing 0.1 ~um-wide gaps between 2 um-wide
. . . cantilever beams, etched in 3.1 um-thick single-crystal silicon
in a previous Se.:ml—Annual Report for using a high-density ICP Cl -etch.
this grant, so will no be repeated here

in the interest of brevity.

e

4.5.2. Nickel Micromechanical Resonators and Aging Studies

Although modular to a degree, the above single-crystal MEMS/transistor merging technology
was not completely modular, in that the MEMS process module had to be suspended and effec-
tively interrupted by the transistor process module. In addition, as described above, the process
did not provide adequate anchoring design flexibility for complex mechanical circuits, such as
mechanical filters. Pursuant to attaining a more modular MEMS/transistor merging process simi-
lar to the MICS process [26], [42], [43], but without the high post-transistor temperatures that
precluded the use of Al or Cu metallization in MICS, this grant turned next to nickel as a struc-
tural material for micromechanical resonators. In addition to being more amenable to low tem-
perature integration directly above integrated circuit transistors, nickel also has the advantage of
being more conductive, possibly making it more conducive to high power transmit filtering ap-
plications.

The work in this grant to explore nickel as a structural material has already been presented in
Section 4.2.4 of this final report. Again, as explained in Section 4.2.4, the electroplated nickel
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material used for this grant was found to have insufficient Q at VHF frequencies, and this was in
large part the reason that nickel was discontinued as a structural material. Despite this, it is not
the opinion of this PI that nickel can never be used as a high-Q resonator structural material. In
fact, with appropriate alloying to slightly alter the electroplated nickel, there is probably still op-
portunity for nickel to yet play a role in vibrating resonator RF MEMS applications. However,
the man power of this grant was better spent on more established materials, such as polysilicon
and polydiamond.

4.5.3. Bonded-Microplatform MEMS/Transistor Merging Process

After demonstrating micromechanical resonators in polydiamond material, and given that a
fully integrated transceiver using MEMS devices will most likely require a variety of structural
materials (not just one), merging processes based on one structural material, such as MICS or
any single-crystal silicon MEMS/transistor technology, clearly are not sufficient for a complete
MEMS based transceiver. Thus, rather than continue to develop a fully planar merging process,
this grant moved towards the ultimate in modularity: a bonding process that allows the modular
combination of integrated circuit transistors and MEMS devices in a variety of technologies [48].

This bonded platform technology allows low-capacitance, “single-chip”, merging of MEMS
and transistors with several key advantages: (1) It is truly modular, requiring no compromises in
either the MEMS or transistor modules; (2) It attempts to minimize Q-degrading anchor losses
experienced by previous bonding-based methods [47] by bonding platforms housing resonators,
instead of directly bonding the anchors of resonators; and (3) It constitutes not only a wafer-scale
batch approach, but also a repeatable approach, where a step-and-repeat procedure can be used to
allow a single MEMS wafer to service several transistor wafers.

Figure 71 presents a scanning
electron micrograph (SEM) of a com-

pleted pplatform housing a two- Bondpads
resonator, 40 MHz umechanical filter, | \
just before bonding to a transistor wa- pMechanical
fer. In addition to the filter, the plat- Filter

form also includes several 30x30pum?’
gold pads that serve as bonding sites
to the transistor wafer. Some of these
pads are strategically placed at corners
of the platform to enhance stability
during and after bonding, while others
are located to serve as vertical inter- Fig. 71: SEM of a pplatform housing a 40 MHz, two-resonator
connects between resonator electrodes CC-beam pmechanical filter

and transistor electronics.

As shown in Fig. 71, the pplatform is suspended by weak low stress nitride tethers to be bro-
ken after bonding to a transistor wafer by tearing away the MEMS wafer, leaving bonded
pplatforms behind, in a procedure succinctly summarized in Fig. 72. This “tear away” approach
borrows from the work of [47], and offers similar advantages in that a single MEMS wafer with
platform/device repetitions can be used to service several transistor wafers—as many as there are
repetitions. The economy of such an approach is obvious, especially for integrated
MEMS/transistor systems where the transistor circuit dominates the die area.
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The pplatform is realized using an
SOI approach, where the silicon device
layer of an SOI wafer defines the plat-
form structure, and the buried oxide
layer serves as a sacrificial layer,
which is later removed to suspend the
platform before bonding. The device
layer in the SOI wafer is chosen to be
10-20pum-thick with the intent of
maximizing the acoustic impedance of
the eventual platform in order to
minimize energy loss through the plat-
form itself, and to minimize micro-
phonic effects.

Figure 73 presents cross sections
summarizing the pplatform process
sequence. Here, a Sum wide, 20um
deep trench is first etched around the
platform area (defined by the isolation
layer) using an STS deep RIE etcher
(Fig. 73(a)). The trench is refilled with
2.5um of low stress nitride to seal off
the oxide in field areas from a future
HF release step (Fig. 73(b)). The
pmechanical filter is then fabricated
directly over the platform area using a
conventional  surface  pmachining
process [15] (Fig. 73(c)). Upon com-
pletion of pmechanical filter process-
ing, and before release, the nitride
layer is patterned and dry-etched to
delineate the platform and its support-
ing tethers. The pplatform structure
and filters are then released using a
combination of dry isotropic and wet
etching techniques. The dry isotropic
etch step removes the silicon under the
nitride tethers, forming a trench open-
ing that exposes the buried oxide. Fig-
ure 74 presents a cross-sectional SEM
of the pplatform at this juncture. A
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Fig. 72: Tllustration of the procedure for achieving a combined
MEMS/transsistor chip via the described flip-bond-and-tear
process. (a) Bonding. (b) Final cross-section.
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Fig. 73: Schematic showing cross-sections of the pplatform fab
rication process flow.

surfactant-enriched HF solution (for better wetting along the sidewall of the opening) is then
used to remove the sacrificial oxide under the platform, resulting in a suspended structure

(Fig. 73(d)).
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Next, 7.5um-thick, 30><30me2 in- n
dium solder bumps are electroplated uMechanical Filter Low Stress Nitride
onto exposed bondpads on the BiC- '
MOS wafer, which are located at sites
corresponding to the gold electrode
pads of the flipped umechanical filter

: — s
Figure 75 presents an SEM of the de-  [S]li{efe]aRzdtele}i
posited solder bump posts, showing Mass ;

Low Stress

some deficiencies in their shapes, and YN Re e
indicating that additional work is I
needed to fully characterize this step.
Bonding of pplatforms to the
BiCMOS wafer is then done via an | ——

“Solder Bump Interconnects

Fig. 74: SEM showing the cross-sectional view of the pplatform.

Electronic Visions aligner-bonder us-
ing a compressive force of 500N and a
temperature of 175°C, which is
needed to slightly reflow the solder
bumps (Fig. 72(a)). The MEMS wafer
is finally torn away from the BICMOS
wafer, breaking the tethers and leav-  Fig 75: SEM showing the solder bumps deposited on the BiC
ing bonded pplatforms  behind MOS wafer.

(Fig. 72(b)). Figure 76 presents top-
and perspective-view SEMs of a
uplatform bonded to BiCMOS cir- Broken Tethers ~ Readout

. . .. C|rCU|try
cuits, with broken tethers clearly visi-
ble Linear
Of all the steps in the above pro-
cess, the bonding of platforms to tran- pPlatform
sistor circuit wafers proved to be the 350um Tgrr]g&?ttgr#

most difficult. This was due mainly to
the poorly formed solder bumps (c.f.,
Fig. 75) mentioned above, but also
due to cleanliness problems during
bonding. In particular, before bond-

ing, after flipping one wafer above the
Fig. 76: A pmechanical filter circuit showing both the transistor

other, particulates were s&?en to drop level electronics and the bonded platform: (a) T op view; (b)
onto the bottom wafer, seriously com- Perspective view.

promising the quality of the bonds.
All tolled, the above problems led to less than 30% yield after bonding. Needless to say, further
characterization of the bonding procedure is needed.

250pum

A custom-built vacuum chamber capable of achieving 50uTorr pressure was utilized to test
pmechanical resonators and filters housed by bonded platforms. The devices under test included
a 40 MHz CC-beam pumechanical resonator and a 38 MHz two-resonator filter, each with elec-
trode-to-resonator gaps d, of 350A; and 6 MHz CC-beam resonator with a relatively large gap
d,=1000A. The 6 MHz device was included in testing, because it suffers less from anchor losses
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than the others [18], and thus, could better serve as a vehicle for estimating the degree of O deg-
radation introduced by bonded-platform mounts.

Pursuant to exploring the effect of platform-mounting on device performance (especially, on
0), both bonded-platform-mounted devices and ones on unreleased platforms (still attached to
the MEMS carrier wafer; i.e., substrate-mounted) were tested. Figures 76-80 present measured
frequency spectra before and after platform-bonding for each of the aforementioned devices.

Before commenting on the observed “be-

fore and after” O changes, some justification (2) Before Bonding }Ll,_=14$um,dWr_=110%}6r£
for the difference in QO between the various Ba 02500 — ;V':;(;ﬁ ml_, 6V
substrate-mounted test resonators is in order. = ‘A =10pm
Specifically, from the curves of Figs. 76 and & "
77, the O of the substrate-mounted 6 MHz 3 |
resonator is clearly much higher than that of  §
its substrate-mounted 40 MHz counterpart. & | (b) After Bonding
Although anchor losses, which are higher for Q=520
the stiffer 40 MHz resonator, are partly re- -”IIE_E ca e e s
sponsible for this [18], it is actually Q- Frequency [MHz]
loading by parasitic interconnect series resis-  Fig. 76: Frequency response of a 6MHz presonator (a)
tance R, that dominates the difference in Q. before bonding and (b) after bonding.
In particular, although both devices “see” 0
approximately the same load resistance R (a)gggroe@ig (b) After Bonding
~150Q, the 40 MHz device has a much = ;. 0=120
smaller series motional resistance R, = ‘
~25Qthan its 6 MHz  counterpart é 04
(R~2.75kQ), since its electrode-to-resonator -2
. . . I
gap spacing d, is much smaller. (As detailed @
in [18], R, goes as d04, so its value rolls off g-?u L =18um, W =8um, h=2um, d =350A
very quickly as d, gets smaller.) Thus, the Q W =oum, V. =19V, h, == 10um
of the 40 MHz resonator is loaded more ~E=|:|3:2 3'3 3'¢ 3;5 3;5 T
heavily by R;, as predicted by expression for Frequency [MHz]
loaded QO Fig. 77: Frequency response of a 40MHz presonator (a)
before bonding and (b) after bonding.
R, =i
0 =01+ (19) (b)égogévgapa O=1500 " 1)350A gap, 0=150
o gl (V. =5V)
where Q and Q; are the intrinsic and loaded =
Q’s, respectively. As further testament to -2 &
this  loading-dominated = Q-degradation g
mechanism, Fig. 78 presents measured spec- 2 o |
tra for two 9 MHz CC-beam resonators— = erp;‘;ojzrg’ Z?ém:’lho:z“m’
one with d,=300A, the other with - M R
d,=1000A—where the O =1,500 for the lar- e 24 g a1 g3
ger-gapped device is clearly much higher Frequency [MHZ]

— : _ _ Fig. 78: Frequency response of a 9MHz presonator with
Ehan tile 0=150 of its smaller-gapped coun (a) 350A gap (b) 10004 gap.
erpart.
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Returning to our comparison of substrate- versus platform-mounted resonator performance,
Fig. 76 reveals that the QO of the 6 MHz resonator drops from 2,500 for the substrate-mounted
device, to only 520 after its platform is released and bonded to the transistor wafer. Figure 77
shows a similar effect for the 40 MHz resonator, where the O drops from 300 to 120 after release
and bonding of the platform mount. Needless to say, the observed Q loss is disappointing, and
can tentatively be attributed to either or all of the following mechanisms:

(1) Poor mechanical quality of the compression bonds. If these bonds are not perfectly rigid, they
can be a source of losses in cases where energy is transferred from the resonator device, to
the platform, to the substrate.

(2) Insufficient platform rigidity. The 10 um-thick platform may in fact not be thick enough to
present an infinite acoustic impedance to a resonator. The farther from infinity the imped-
ance, the greater the losses, and the lower the system Q.

(3) Poor electrical quality of the compression bonds. In particular, bond deficiencies can raise
the R, by up to 5X, making Q-loading an issue for even medium-gapped resonators.

(4) Insufficient cleanliness in the process. After bonding, the yield of working devices was sub-
stantially lower than before bonding. Given the well-known susceptibility of pmechanical
devices to contamination [49], this could easily be a source of Q degradation.

Design and fabrication adjust- T® _'" (b)
ments are presently underway to 3 * S
remedy or investigate the above g-u s
phenomena under the DARPA/ 8., 2.a
MTO NMASP Program, which § _ £
will use this technology. G G-

] Fal =

Figure 80 presents measured E'
. . - T - T T

frequency characteristics for the r ®m = 4@ u o= m m @ w4 = o
38 MHz two-resonator Frequency [MHZz] Frequency [MHZz]

umechanical filter, before and Fig. 80: Frequency response of a 40MHz filter (a) before bonding and
after platform release and bond- (b) after bonding.

ing. Again, significant perform-
ance degradation is observed af-
ter platform bonding, and not all L
of it can be attributed solely to O- -— %ﬂm
degradation. In particular, if Q-

reduction were the only defi-

ciency, then the same frequency
characteristics would be expected

in (a) and (b), with only an inser- r%ﬂ
tion loss difference between the
two. Instead, distortion is seen in | Silizan Substrate
(b), possibly caused by a variety

of phenomena, including plat- —_— %EFE“* 12 Alor A
- 1t 1 FiTn bxkde
form-based capacitive/charging .

effects, or even contamination.
’ Fig. ¥1: Layout and cross-section fora  pmechanical resonator with

overhead for encapsulation via solder-based localized heating.
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4.5.4. Localized Heated Bonded Vacuum Encapsulation

Given that vacuum is required to attain high O’s in VHF micromechanical resonators, and for
protection against the environment, this grant also investigated vacuum-packaging methods. To
be consistent with the bonding approach used for MEMS/transistor merging, and to take advan-
tage of the localized annealing technique previously developed for trimming and Q-enhancement
purposes (see Sections 4.2.3 and 4.2.4), a localized heating method for bonding vacuum encapsu-
lating caps over micromechanical resonators—possibly resonators integrated with transistor elec-
tronics—was pursued, in which temperatures required to achieve hermetically sealed cap-to-
substrate bonds are attained by locally heating at the bond areas, with minimal effect on sur-
rounding devices, both electrical and micromechanical [50]. Over the course of this work, addi-
tional diagnostic runs have shown that locally melted solder or eutectic bonds can achieve seals
as good or better than those achieved using locally heated silicon-glass(oxide) fusion bonding,
with better reflow and coverage over interconnect lines running under the contact points of seal-
ing caps.

At about midway through the grant, the ef- Polysilicon Ground Plane (3000 A)

forts of this task were directed towards the im- 29

plementation of a fully vacuum-encapsulated ”

folded-beam micromechanical resonator using a @ o Hm Nitride 4
solder-bonded cap as described above. Fig- Si Substrate Oxide

ure 81 presents the layout for the intended de- 2um
vice and its cross-section immediately before - & .
localized heated bonding. As shown, the bond-
ing structure consists of a doped polysilicon re-
sistor encased under films of oxide and nitride
dielectrics that electrically isolate it from a thick
block of indium solder patterned directly above ~—— Aluminum (2.5um)
it. A (glass) sealing cap is placed on top of this

structure immediately before bonding. To acti- [
vate the bonding process, currents are sent
through the polysilicon resistor, heating it and
the indium solder to temperatures exceeding the
melting point of indium. The indium then melts
and wets the surfaces of both the silicon wafer
and the glgtss sealing cap, reflowing to cover any Aluminum Grid (500A)
topographies, such as those presented by inter- -—

connect to and from the device to be encapsu-
lated.

Figure 82 presents the detailed process flow
used to achieve both the resonator and bonding
layers. The process begins with the deposition
of oxide and nitride isolation layers normally [|(@
used in conventional polysilicon surface micro-

(®) Polysilicon Microheater

Structural Polysilicon ‘

© Adhesion Polysilicon (5000A)
c

Pyrex Glass Substrate

Si Substrate

Fig. 82: Process flow for wafer -level vacuum encapsula

machining technologies. Next, interconnect tion of micromechanical resonators via localized heated
polysilicon is deposited, patterned, and doped, bonding.
again, as in conventional surface-
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micromachining, leaving the cross-section of Fig. 82(a). A 2 um-thick layer of sacrificial oxide
is then deposited and patterned to form anchor openings for the eventual resonators. Next, a
2 pm-thick film of structural polysilicon is deposited, pattered, and implant-doped to form both
resonator geometries and localized heater runners to be used later for localized solder bonding.
Once the polysilicon has been removed over field areas, the sacrificial oxide is patterned a sec-
ond time to form mesas underneath the heater runners that now define the eventual vacuum cap
sealing boundary. At this point, the cross-section is as shown in Fig. 82(b). Nitride/oxide/nitride
isolation are then deposited and patterned over the boundary mesas. Next, a film of polysilicon is
deposited, doped, and patterned over the boundary mesas to serve as an adhesion layer for the
aluminum solder, which is deposited and patterned over the boundary mesas, yielding the cross-
section of Fig. 82(c). Bonding then proceeds as already described above to yield the final cross-
section shown in Fig. 82(d).

Over the past half-year, this pro-
cess was run, and after solving a mi-
nor problem with the conductivity of
the heater polysilicon layer, encap-
sulated resonators were achieved.
Figure 82 presents a micromechani-
cal resonator with glass sealing cap
forcefully removed. The fact that the ) |
cap itself broke before the bond did v —
indicates that the bond is indeed very o gﬁl-ﬂean‘i,
strong At present, however, the en-
capsulated resonators are not test-
able, since they are in fact stuck
down under the shells, as can be seen
in Fig. 82, where the folding truss on : '
the right-hand side is visibly stuck to Fig. 82: SEM of a previously encapsulated micromechanical reso
the substrate. This problem has now nator with glass cap forcibly removed (i.e., broken).
been solved using a supercritical CO, -0
release technique, and testable vac-
uum-encapsulated resonators have
finally been achieved.

—_— -
pmechanical Resonator

Q2500

fuy,
b

Figure 83 presents the measured
frequency characteristic for a folded-
beam polysilicon pmechanical reso-
nator encapsulated via the above pro-
cess. Although the O of 2,500 is
lower than that seen in previous such
resonators, it is still a Q indicative of
a vacuum environment under the
glass cap. In addition, further meas- . a1.2 o1 .4 G615
urements for resonators in this proc- Frequency [KHz]

ess under a controlled vacuum envi- Fig. 83: Measured frequency characteristic for a polysilicon
t indicate that the 1 . folded-beam pmechanical resonator vacuum encapsulated using
ronment 1ndicate tha e low Q is the localized heated bonding technique of Fig. 81.

Trans mission [dB]
&0
=

-100
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actually caused by material deficiencies, rather than by insufficient pressure. In particular, due to
an oversight, the micromechanical resonators in this process were not properly annealed. Thus,
the polysilicon material did not benefit from the structural reorganization afforded by the stan-
dard annealing process, and these resonators show about an order of magnitude lower Q than an-
nealed counterparts at the same pressure. Measurements of Q versus pressure for these resonators
show that the observed 0=2,500 corresponds to a vacuum under the glass cap of about 25 mTorr.

Figure 84 presents a plot of pres-
sure versus time, showing that this lo- =000
calized heated encapsulation process is  _ 27ap
capable of holding a vacuum of *E
~25 mTorr for more than 10 weeks. & 200
(Actually, Fig. 84 is a very old plot. At = 2350

the time of this writing, this vacuum 2000 . . . . .

level has actually held for more than o 7 4 B g 10 12
1.5 years now.) Successful demonstra- Wiloa ks

tion of vacuum encapsulation now

. . Fig. 84: Plot of pressure versus time for a vacuum encapsulated
makes possible controlled experiments resonator such as shown in Fig. 83.

to evaluate the stability and reliability
of umechanical resonator devices.
Such experiments are planned in future research.

[For completeness, it should be noted that this localized-heated vacuum encapsulation work
was started and finished under funding supplied by this grant (and only this grant), and the stu-
dent doing this work graduated with a Ph.D. from the University of Michigan as a student of
Prof. Khalil Najafi. The reason for stating this is that this work was later transitioned to another
grant (PI’ed by Prof. Ken Wise, but actually lead by Prof. Liwei Lin), and it is my understanding
that Lin had also been using this vacuum encapsulation work to push his grant, which is fine, but
which is technically not true, since this work was actually supported entirely by this grant.]

5.0 SUMMARY

The efforts over the four years of this grant have pioneered the field of vibrating RF MEMS
and have yielded potentially revolutionary advancements towards wireless transceivers with sub-
stantially smaller size and greatly enhanced performance. Among the successfully demonstrated
research prototype vibrating RF MEMS devices that fill requirements specified by the MEMS-
based transceiver of Fig. 1 are:

(1) Micromechanical IF and RF filters constructed of micro-scale resonators with higher Q than
any other room temperature on-chip (or even off-chip) resonator in their frequency range,
and thus, capable of insertion loss performance many times better than presently available
and in sizes orders of magnitude smaller. These devices are also on/off switchable via their
dc-bias voltages, and thus, do not require diode or micromechanical switches in the signal
path for switching—a major advantage that eliminates the insertion loss of other tunable fil-
ter approaches that use switches in their signal paths.

(2) Micromechanical resonator oscillators with thermal stability on par with quartz crystal oscil-
lators and using resonators with O’s capable of achieving extremely low phase noise perfor-
mance.
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(3) Micromechanical mixer-filter (dubbed “mixler”) devices capable of mixing, bandpass filter-
ing, and parametric amplification in a single, passive, micromechanical device. This single
device replaces three different components in a super-heterodyne or wideband IF communi-
cations receiver architecture. In recognition of the novelty and potentially far-reaching im-
pact of micromechanical mixer-filters, the 1998 IEEE Int. Electron Devices Meeting
(IEDM’98) awarded the paper describing mixer-filters the Roger A. Haken Best Student Pa-
per Award that year.

Provided they can operate at the desired frequencies and within the desired linearity and power
handling specifications, the above devices together can satisfy virtually all off-chip, high-Q func-
tions needed in super-heterodyne or zero-IF receivers. In particular, all shaded components in
Fig. 1 can be replaced via the above set of vibrating RF MEMS devices, and with substantially
better insertion loss performance than achievable via other on-chip technologies, including RF
MEMS technologies, such as switches, tunable capacitors, or MEMS-based inductors. To put it
bluntly, provided the right frequencies and power handling performances can be achieved, the
results of this grant serve to further bolster the opinion that “the only MEMS technology that
need be added to IC transistor technology to achieve multi-band, robust, ultra-low-power, minia-
turized wireless receivers is vibrating RF MEMS technology.”

Still, although its findings and demonstrations do provide some testament for the above state-
ment, this grant alone has not proven the statement true. Nor could it possibly do this within the
time allotted. Rather, as indicated in the body of this report, there is much work left to do even at
the component level, before vibrating RF MEMS technology can achieve its true potential.
Among unfinished items are:

(1) Demonstration of micromechanical resonators operating beyond UHF.

(2) Demonstration of micromechanical filters with sufficient linearity and power handling ability
to process high power transmit signals. In particular, the majority of the devices demon-
strated via this grant are appropriate for receive path applications, but not for transmit path
applications (near the antenna), where high power handling is generally needed for military
(and even commercial) applications. In this regard, larger devices, or arrays of many vibrat-
ing micromechanical devices will likely be required to process high power signals.

(3) Demonstration of micromechanical filters with sufficiently low impedances so as to allow
proper impedance matching to antennas without the need for sizable matching networks.
Again, larger devices or arrays of devices are likely needed for this.

(4) Demonstration of micromechanical resonator oscillators with adequate power output (the
reader should be noticing a theme developing here), and without the 1/ phase noise compo-
nent observed in the oscillators demonstrated via this grant. Again, as detailed in the report
body, a model has been defined for the mechanism behind the extra noise, so solutions to this
problem exist, but work is needed to implement them. In addition, much higher frequency os-
cillators and micromechanical resonator VCO’s should be pursued in future work to enhance
transceiver functionality in both military and commercial applications.

(5) Demonstration of an automatic frequency trimming technique to allow the use of mechanical
circuits containing hundreds of micromechanical resonators, such as the arrays described
above.

(6) Demonstration of technologies that not only merge micromechanical resonators and integrat-
ed circuit transistors together, but also vacuum-encapsulate the micromechanical devices to
allow high-Q operation, and to protect them from environmental contaminants.
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Fig. 85: System block diagram for an RF channel-select receiver architecture utilizing large numbers of microme
chanical resonators in banks to trade O for power consumption. (On-chip pmechanics are shaded.)

Again, the above is merely a subset of numerous remaining issues, some of which can only be
revealed or appreciated when considering the future of vibrating RF MEMS technology—a fu-
ture that should go well beyond anything yet mentioned in the reports associated with this grant
and that may well make possible paradigm-shifts in transceiver architectures with equally revolu-
tionary impact on transceiver performance.

In particular, the MEMS-usage strategy depicted in Fig. 1 amounts to direct replacement of
off-chip components in an existing transceiver architecture. While beneficial, and actually capa-
ble of attaining (through sheer better insertion loss performance) receiver noise figure reductions
from 9 dB to 3 dB, the performance gains afforded by mere direct replacement by MEMS are
quite limited when compared to more aggressive uses of MEMS technology. To fully harness the
advantages of umechanical circuits, one must first recognize that due to their micro-scale size
and zero dc power consumption, pmechanical circuits offer the same system complexity advan-
tages over off-chip discrete components that planar IC circuits offer over discrete transistor cir-
cuits, except in the mechanical signal processor domain. Thus, as with transistor circuits,
pmechanical circuits should be utilized in large numbers to maximize performance gains.

Figure 85 presents the system-level block diagram for a possible transceiver front-end archi-
tecture that takes full advantage of the complexity achievable via pmechanical circuits [51], [52],
[53]. The main driving force behind this architecture is power reduction, attained in several of
the blocks by replacing active components by low-loss passive pmechanical ones, and by trading
power for high selectivity (i.e., high-Q). Among the key performance enhancing features are: (1)
an RF channel selector comprised of a bank of switchable pumechanical filters, offering multi-
band reconfigurability, receive power savings via relaxed dynamic range requirements [13], and
transmit power savings by allowing the use of a more efficient power amplifier; (2) use of a pas-
sive pmechanical mixer-filter to replace the active mixer normally used, with obvious power
savings; (3) a VCO referenced to a switchable bank of umechanical resonators, capable of oper-
ating without the need for locking to a lower frequency reference, hence, with orders of magni-
tude lower power consumption than present-day synthesizers; (4) use of a umechanical T/R
switch, with already described power savings in transmit-mode; and (5) use of pmechanical
resonator and switch components around the power amplifier to enhance its efficiency.
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Although already quite aggressive, the architecture of Fig. 85 may still not represent the best
power savings afforded by MEMS. In fact, even more power savings than in Fig. 85 are possible
if the high-Q pmechanical circuits in the signal path can post such low losses that the RF LNA
(normally required to boost the received signal against losses and noise from subsequent stages)
may in fact no longer be needed. Rather, the RF LNA can be removed, and the needed gain to
baseband provided instead by an IF LNA that consumes much less power since it operates at the
much lower IF frequency. Without the RF LNA or transistor mixer, the receiver front-end archi-
tecture reduces to an all-MEMS topology, such as shown in Fig. 86. Here, since the absence of
RF transistor circuits removes dynamic range concerns, the channel-selecting filter bank of
Fig. 85 has been converted to a mixer-filter bank and moved down to the IF frequency, where it
might be easier to implement, and where it allows the use of a single-frequency RF local oscilla-
tor (LO) to down-convert from RF to IF. Since the RF LO is now a single frequency oscillator,
power hungry phase-locking and pre-scaling electronics are not needed, allowing similar power
advantages as for the VCO in the architecture of Fig. 85. In fact, the architecture of Fig. 86 at-
tains all the power advantages of that of Fig. 85, plus additional power savings due to the lack of
an LNA. It, however, does so at the cost of a slightly higher overall noise figure and decreased
robustness against hostile (i.e., jamming) interferers.

Antenna1 uMech.
\Antenna2 ,Swﬂch % =5 A||: %—»ADC |
= - .

90°
= HEHH [ meroa )
pMech. — ® D % o] o
Image-Reject . . —>
RF Filter . e i HMech.
Single Osc.}— Res.
pMech. Res. ~—— : .
Oscillator o~ o~ uMech. Mixer-Filter
* IF Channel-Selector

Fig. 86: System block diagram for an all-MEMS receiver front-end, employing an RF image-reject filter , a fixed
pmechanical resonator local oscillator, and a switchable array of IF umechanical mixer-filters.

If the above architectures seem unbelievable, requiring too many far-reaching advancements
in the state of the art, then consider that this is exactly the state of affairs that existed four years
ago when this very grant was started. In particular, as mentioned in the first paragraph of this re-
port, four years ago the wireless integrated circuits community was focused on methods for at-
taining alternative communication architectures that eliminate off-chip high-Q passive filters and
resonators, and in the process had embraced direct-conversion architectural techniques as the
only sensible way to achieve anything close to single-chip transceivers. As such, vibrating RF
MEMS technology was not considered a plausible direction, and it was even scoffed at by the
field as “never being able to reach 20 MHz” and as “too expensive to implement versus an all-
transistor solution.”

Needless to say, at the present time, vibrating RF MEMS has reached well beyond 20 MHz,
with the 200 MHz demonstration of this work representing a three order of magnitude increase in
frequency from the start of this grant. In addition, at least to date, it seems that all-transistor solu-
tions to wireless transceivers will not be able to implement single-chip transceivers, having only
eliminated one IF filter of all the passives needed in a super-heterodyne transceiver in all this
time. As a result, in a reversal of opinion from four years ago, the wireless community now
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seems to be embracing MEMS technology as the most promising method for achieving smaller,
better performing transceivers, and all this in no small way due to the results, numerous papers,
and invited presentations supported by this grant.

In the wake of this grant, the premise that high-Q components could not be miniaturized that
existed before the start of this grant no longer governs wireless thinking. In fact, at the recent
2002 Int. Solid-State Circuits Conference (ISSCC’02), it seems that MEMS has now been ac-
cepted by those who originally doubted the technology as a solution for both miniaturization and
performance enhancement of wireless transceivers. Even more concrete examples of the influ-
ence and impact of this grant include:

(1) The new DARPA/MTO NMASP Program, which further develops the technologies pio-
neered by this grant, specifically investigating arrays of micromechanical resonator devices
for communication transceivers.

(2) Numerous industrial companies are now pursuing vibrating RF MEMS, including Motorola,
Intel, IBM, and Agere. In addition, a start-up company called Discera has been formed by the
PI of this grant, bent on developing products based upon the vibrating RF MEMS technology
researched under this grant. RF MEMS is now considered one of the most lucrative areas for
business development by venture capitalists across the U.S.

(3) Vibrating RF MEMS are now being researched and developed worldwide, in Europe and in
Asia, by companies such as Nokia, ST Microelectronics, Sony, and Samsung.

It should be mentioned that none of the above successes were possible if it not for open-minded
thinking by DARPA, and in particular by the DARPA/ETO MEMS Program Manager at the be-
ginning of this grant, Ken Gabriel, and those who followed, Al Pisano and Bill Tang, who de-
spite the prevailing, opposing opinions at the time by the majority of the wireless community,
had the vision and insight to support and continue to support the vibrating RF MEMS ideas in
the original proposal, and now beyond via the NMASP Program.

And finally, in closing, the work made possible by this grant has greatly extended the state of
the art in micromechanical resonator technology, and has elevated this technology to a position
where it stands to revolutionize not only the size, but also the architectures and outright perfor-
mances (e.g., battery lifetime, robustness) of wireless communication devices. It is gratifying to
know that although this particular grant is ending, this type of work will not end. In fact, work on
vibrating RF MEMS should actually expand, especially given subsequent programs like
NMASP, which should be instrumental in bringing about the revolution expected of microme-
chanical resonator technology.
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PR: Summer 2000 DARPA MEMS PI Meeting

P/P: 2000 IEEE European MIDAS Workshop

P/P: Workshop on Microwave and Photonic Applications of MEMS at the
2000 IEEE MTT-S International Microwave Symposium

PN: 2000 37" Design Automation Conference (DAC)

P/P: 2000 Int. Conference on High Density Interconnect and Systems Pack-
aging
PR: Solid-State Sciences Seminar Series, California Inst. of Technology

PR: BSAC Seminar, University of California, Berkeley

PR: NSF/ARO/DARPA/NRL Workshop on RF Micromachining and MEMS
Technology for Wireless Communications Systems

PA: IEEE Trans. on Microwave Theory Tech.(invited journal paper)

P/P: Workshop on Microelectromechanical Devices for RF Systems at the
1999 IEEE MTT-S International Microwave Symposium

P/P: 1999 SPIE Symposium on Smart Structures and Materials

PR: DARPA Workshop on MEMS for Mechanical Computation and Infor-
mation Processing

PN: 1999 International Solid-State Circuits Conference (ISSCC)

P/P: 1999 IEEE Solid-State Circuits Technology Workshop on RF Passive
Components

PR: DoD-Wide MEMS Meeting

PR: Baltimore IEEE MTT Local Chapter Meeting
PR: Air Force Research Laboratory (AFRL)

PR: Southeast Michigan SPIE Local Chapter Meeting
PA: Proc. IEEE (invited journal paper)

P/P: 1998 Sensors Expo
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6/7/98 - 6/12/98 * PN: 1998 IEEE MTT-S International Microwave Symposium (IMS)

4/21/98 - 4/22/98 * PR: Micro-Nanotechnology for Micro-Nanosatellites Workshop
3/21/98 - 3/28/98 » P/P: 1998 IEEE Aerospace Conference

2/24/98 - 2/25/98 * PR: MCC Heterogeneous Component Integration Executive Workshop
1/15/98 - 1/16/98 * PR: DARPA/MEMS PI Meeting

1/14/98 * PR: DoD-Wide MEMS Meeting

10/28/97 * PR: Cornell University

5/27/97 - 5/29/97 * PR: DARPA Composite CAD Semi-Annual PI Meeting

6/9/97 - 6/12/97 * P/P: 1997 IEEE International Symposium on Circuits and Systems
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